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t. 0 INTRODUCTION

Thls is an informal compilation of analyses, memoranda, procedures

,u_d reports published by the NRO Reliability Section between 15 July 1969 and

31 December 1969. The purpose of this report is to appraise cognizant

program management personnel, at SNPO-C, WANL, and NRO, of progress

toward established program objectives.

I.I
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[ lvIEMORANDUM

1
TO: P.P. Veaturi_. DATE: 21 August 1969

'1 7850:M0258
I FROM: W.M. Bryan

SUBJECT: Reliability Data Items

COPIES TO: J.J. Beereboom, H. F. Gallagher, B. Mandell,
J. H. Ramsthaler, S. A. Varga
NTO: %. H. Bushnell

1

I In a meeting with L. Nichols, SNPO-C on 13-14 August 1969, tentative agreeme:-t
was reached on the number of AFSCM/AFLCM 310-1 reliability data items to be:
utilized on the NERVA Program. This l:st is shown below along with the currt-nt

t status aud pertinent remarks. Recommended Form 9t_ for new data items will
I be prepared and submitted during CY 70.

Form 9
t ,Data Item Status Remarks

R-101 In use Minor modifications currently being negotiated

R-102 - Not _pplicable - maintainability item.

: R-103 See R-Z02 Not applicable - maintainability item.

R-104 - Not to be used.
I
!
1 R-105 Subject to be cove.red lr, Reliability Pro¢_lure

NRP 400. Data Item will not be us_a.

t R-106 Being Reliability Test and Evaluaticn Plan.
ne goziated

R-107 - Not applicable - maintainability item.

R-108 - Subject to be covered in Reliability Procedure

NRP 400. Data Item will not be used.
P.-109 To be Annual report to be required. Will not be

prepared related to program milestones,

"_ R-II0 - Not to be used. Reliability status to be provided
in program quarterly report.

a

R-Ill - Not applicable - maintainability item.

: R-112 To be Reliability Test and Evaluation Reports.

i prepared

1976068581-011
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P. P. Ventur_ = 2 - ZI August 1969
7ti50:MOZ58

For_J 9
D_La Item Status Remarks

R-I13 - Not applicable - ._c.i;..tainability item.

R-LI4 - Subject to be covered in future reli&bihty
procedure. Data Item will not be used.

R-II5 - Not to be used. f
f

R-If6 - Not to be used. ; i

/
R-Z0Z In use Reliability cLxta report to be issued at D_B,

PDR, CDR, _-tc. ," I

_. \
)

W. M. Bryan, Supervisor
Reliability
Reliability & Safety Analysis Section
Nuclear Rocket Operations

CLASSIFICATION CAI(_._RY

UNC L ASSIFIED

DATE

2

i
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MEMORANDUM

TO: W.M. Bryan DATE: 28 August 1969
7850:M0263

FROM: L.P. Burke

SUB.IECT: Radiat:.on Effects Data i,, Instrumentation and Controls
)

, Reliability

COPIES TO: d.W. Brewer, J. W. Conant, d. H. RaJmsthaler,E. A. Sheridan, J• E. Stadig
NTO: W. H. Bushnell

] REFERENCE: (a) Meeting Z5 August 1969, L. P• Burke and
J• E. Stadig, same subject

Reft'rence (a) meeting was held to assist in work that has begun on collecting
radiation effects data. These data will be interpreted into "K" fr.ctors for use
in Int. Instrumentation and Controls -eliability equations•

Info:-:r_tion or;rained from Reference (a) has shown the poss:bility of using f
cxlstLng computer programs, such as PAN E, "Perforrnavce Analysis of Elec-
t ronic Circuitry':, as a subroutine in the I & C system re:lability computer

program. J. Stadig was requested to provide access to this and other programs
at his convenience.

J. Stadig is also preparing a program plan for contiuued radiation effects work,
and requested Department 7850% assistance in orienting his plan toward acqui-
sxtion and preparation of data significant for use in the reliability analysis of the
Instrumentation and Controls subsystem.

A me(,ting to review Department 7850% effort on this matter is tentatively
scheduled for _afly next week.

j, btL

L. P. Burke

Reliability
rtexxabiiiLy _ _afety Analysis Section
Nuclear P.ock.q Operztions

CLASS)fICAI;0N CAT_gn_Y

UNC LASSIFIED l
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MEMORANDUM

TO: P.P. Ventura DATE: 22 September I769
7850:M0278

FROM: R.E. L_vond

SUBJECT: Reliability/Trend Data Review of Data Item C-100 Data and
Documentation Management Plan (Supplemental Plan)

_ COPIES TO: J.J. Beereboom, W. M. Bryan, J. L. Goldin,
i J M. Klacking, B. Mandell, J. H. Ramsthaler

NTO: W. H. Bushnell

REFERENCE: (a) Memo 7810:122_M, dated ? September 1969,
P. P. Ventur_ to Distribution, same subject

Per your request, subject data item has been reviewed for acceptability
to Reiiab_llty. The following comments are forwarded for consideration:

a. No changes are considered necessary to the text.

b. Figures 2-3, 2-12, 2-14 and 2-1"/ should be revised as follows:

(I) "Criteria and/or requirements" should be li- -.d for '_rrend
Data, Malfunction/Failure reports, and Parts Qualification", a. a DRB require-
ment.

(2) A requirement to "verify all specification requirements" in
CEI and ECC specifications should be added for PDR.

(3) Trend Data Characteristics should be required for PDR under
data item entitled "Document Manufacturing Program".

For further information please contact the undersigned at extension 5-6975.

Reliability
Reliability & Safety Analysis Section
Nuclear Rocket Operations

.,UNCLASSIFIED I
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i (b) PII_,, _TO.-,v_..%'_TT?,V. |I. Itu_lmcll..'&. p. ll_-ber to
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Pro.-;amC¥';0, d.¢c_l _ O_.ob_r l:_g._

d,'l |m',l i._ l',.ll.r_.l,#., (n). "J_," p|n_ ;_% pr.'t:Qr..:.ed l_ A ,,c_tl _:t;q_P,'-,,.'" _r(-grn •
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v|f,,rt Jo_- tlw I[._r':l_:y. _.
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;q
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MEMORANDUM

TO: E.A. Sheridan DATE: 7 November 1969
7850:M0330

FROM: W.M. Bryan

SUBJECT: Reliability T raining

COPIES TO: L.P. Burke, V. M. H. Chang, H. F. Gallagher,

: W.P. Oilles: A. J. Mihanovich, H. Musgrove,

I J.H. Ramsthaler, M. D. Smlth, E. J. West

i --f ENCLOSURE: (I) Lecture Series

,_ t Enclosure (1) presents a revision to the lecture series by Department 7850
i [ to Frovide training to Department 78Z0 personnel in the use of Reliability
i analytical techniques. Additional lectures will be added as requirements are

!t ] identified.

f

W. M. Brydn, Supervisor

Reliabiht .v
Reliability ¢_Safely Analysts Section

Nuclear Rocket Operations

I t:l_cL,,,SSlVmD i

----_-" //_ 2.7
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Enclosure (I)
7850:M0330

LECTURE SERIES

D;,te Title Speaker

Completed Reliability Analysis of the 10-Channel J.W. Brewer
Averager - Part I

Completed Introduction to Reliability 3. H. Ramsthaler

17 Nov. 1969 Reliability Analysis of the 10-Channel J.W. Brewer
Averager - Part II

20 Nov. 1969 Introduction to Statistics I M.W. Layard

25 Nov. 1969 Introduction to Statistics II M.W. Layard

2 Dec. 1969 Applied StatistLcs A.J. Mihanovich

8 Dec. 1969 Circuit Reliability Analysis I J.H. Morison

15 Dec. 1969 Monte Carlo Simulation Techniques I P.H. Raabe

1976068581-019
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MEMORANDUM

TO: _. E. Stephens DATE: 16 December1969
7850:M0372

FROM: J.H. Ramsthaler

SUBJECT: Reliabilityand SafetyRequi_enlents
for TradeStudies

DISIRIBUTION: L. Cota,G. H. Brock,W. E. D_rkee,F.Farquhar,
W. J. Houghton,G. D. Hart, L. D. Johnson,
C. F. Leyse,P. Kluger,B. Mandell,W. W. Madsen,
R. R. Stiger,D. F. Vanica,E. A. Warman,J. L. Watkins,
N. F. Wessinger,Section7850Personnel

REFERENCE: (a) _mo J. H. Ramsthalerto 5. _andell,
7850:M0370dated 16 Dece_:ber1969,
Subject: Reporton ReliabilityV_eting
with R. W. Schroeder,SNPO-C,on Dec. II/69

Reliabilityand safetyare requireddisciplinesto be considercdas
trade-oFffactorsin all tradestud;_c,the same as are, for ex_m#le,
perf3rmanceand weight. Accordingly,all tradestudy reports_hou_d
includesectionson reliabilityand safety. It is anticipatedthat
for a minornut,her of tradestudies,reliabilityand/orsafetywill
not be factorsfor consideration.In th_secases,reliabilityanG/or
safetysoctienswhich presentthe logic and jL_stificationwhy these
disciplineswere not includedas trade-offfactorsshouldstill be
provided. In no caseshouldthe omissionof a r_iability and/orsafety
inputfroma tradestudyreportresultin the i_:Gressionthatthese
disciplineswere _istakinglyoverlooked.Dr. L. Nicholshas inform.ally
indicatedthatany tradestudyreportwhich does not includea tdilure

; mode analysiswill not be satisfactoryto SNPO. At a meetingwith
R. W. Schroederon _eliability,Reference(a),he was very criticalof
the WANL reliabilityeffortand from his co,.-_nents,it is my conclusion
theirprincipalerrorwas the lackof a failure_;_odeanalysis.

Reliabilityand SafetyAnalysispersonnel(Section7850) are available
and shouldbe used to providethe reliabilityand safetyanalysesrequired
to supportthe tradestudies. TradeStudy projectengineersshouldmake
requestsfor reliabilityand safetyanalysisto the undersigned,or
specificrequestsshouldbe made for reliabilityanalysisto W. M. Bryan
or for safetyanalysisto D. S. Duncan. Becauseof the largenumberof
tradestudiesin progress,the maximumlead tiJnepossibleshouldbe
providedto Section7850to coilductthe requiredanalysis.

1976068581-020



g. E. Stephens -2- 7850:r_0372

Ecr!ycoordinationwith Section7850for reliabilityand safetyanalysis
durin,jthe conductof the trade studieswill facilitatethe revie_

by Secton7850of the finalS-54 reports.

Reliabiltiy& SafetyAnalysisSection
NuclearRocketOperations

APPROVED;;

_Engine SystemDepartment
NuclearRocketOperations

I CC'+SSfi I6.t,,l_;.,I C,4:+ ..... it I

UNCLAd.SIFtEO I

L .,_L.:___ " I
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X{EMORANDUM

TO: W.J. Houghton DATE: 3 September 1969
7850:M o _-'4 B'

!:[ FROM: R. ELavond

, SUBJECT: Trade Study 002 - Post Shutdown Space Operations
- |

ill  o oo, Oo,,oc .
. J.M. Klacking, P. Kluger, B. Misra, G. G. Strucel,

i E.V. Krivanec_ NTO: W. H. Bushnell

iiil ENCLOSURES: (1) Tabulation: Null Concept Reliabi!ities
(2) Schematics of Pressure Fed System

i_[ (3) Schematics of "Pump" Fed Systems

!_ (4) Null System - Reliability Diagrams

I (5) Reliability Math Models - General (for "n" cycles)_i (6) Failure Rates NERVA Controls Components
0; (7) Reliability Calculation Matrices
# (8) Concept Events

_ Summary

._ This analysis addresses itself to estimating the reliability effect of various

_i thrust nulling concepts on NERVA engine functions. The eight cooldown-thrust
.t
' hulling concepts analyzed are shown in Enclosures (_) and (3). As shown in

I
Enclosure (i)the range of failure rates (e.g., the compliment of Reliability is

[ the Failure Rate) is estimated to be from 4416 failures per million (for sigma
t

concept) to 6707 for 5b concept. Sigma is therefore about 34%0 better than 5b, about

j. _-9% better than the average pressure fed system, about 18% better than the average

• of all _ystcms, about 4% better than the aver age tank pressure fed System and also
|

i t about 4% better than the next best system (concept delta).

Due to decreased complexity, tank fed systems are about 16% better than pump

fed systems.

[ Variations within the tank fed concepts are primarily due to:
t

a. Reduced leakage paths during thrusting because of redundancy caused

CNDVs or TNDVs, and
by

b. Easc of cooling down due to a minimum of valving changes required, and

I bt.caust: of stand-by redundancy in cases ,asing PSOVs for pulse cooling flow.

j ?'/

1976068581-023
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W. J. Houghton - Z - 3 September 1969
7850:M

As indicated in Enclosures (5) and (7), all components are assumed to

be cycle sensitive. Each component or component group ic "cycled" as often

as required by the mission to account for reliability degradation during the

mission. The results, Enclosure 11), are the current " " " estimates

for the cooldown thrust nulling systems.

Satis._actiou of PERT Items

This transmittal completes PEP, T events 301 through 310 and 312.

Conclusions and Recommendations
_ il •

1. Tank pressure fed thrust nulling concepts are more reliable than

pumped concepts.

2. To be acceptable, axial thrust hulling valves must be of the analog

variety.

3. There is no significant reliability difference between ullage gas and

liquid _ooling concepts.

4. There is no significant reliability difference between radial and axial

hulling concepts.

5. Based only on rvliabiltty considerations, the tank fed, radial hulled,

liquid hydrogen cooled sigma concept is judged superior to the other concepts

¢/ (provided analog TNVs are incorporated).

•OI,l,:.iil,, rl

To standardize the analysis, each concept was (mathematically) considered

to undergo the rigors of Mission A with its two rendezvous with a synchronous

space station and return. To facilitate calculations, each concept was a_.[q_t_

_e_., its _ ability to produce thrust, to cooldown, to null and to coast.

- , {

1976068581-025
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W. J. Houghton - 3 - 3 Se.:,tember 1969
78_,0:N_

These results are presented in Enclosure (I) for each of the eight concepts.

Enclosures (2) and (3) contain schematic diagrams of tank pressure-fed -,rid

pumped concepts respectively.

The logic employed for each concept is indicated in E,_closure (4) -

"Null Systems -- Reliability Diagrams". While Enclosure (5' presents the

general reliabilitymathematical models used to calculate the probabilities

of series, parallel and stand-by case_ for "n" cycles.

Failure rates developed for R-20Z were u_ed for this analysis and are

summarized in Enclosure (6), Components having similar functional require-

ments being assigned similar failure rates to assure consistent re_ults.

Enclosure (7) illustrates the results of subs.*_uting probabilities of success

(i.e.. I.0 - Failure Rate) into the math models of Enclosu:e (5) as intiicated

by the logic of Enclosure (4). These results indicate the probability oi_proper

operation for the applicable number of cycZes. The _rcducts of these proba-

bilities is the probability of success for that concept and is the final reliability

figure presented. Concept functional requirements are listed in Enclosure (8)

for each mission phase.

R. E. Lavond
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MEMORANDUM

T

_' TO: R. tt. Coppo/S. J. Komjathy (3ca) 22 July 1969
7850:M0219

FROM: F.C. Vails

SUBJECT: Comparative Preliminary Design Reliability Evaluation
-" of a "U" Tube (1136367)verFus an '_)val"Tube (U36081)

Nozzle Skirt
_tD

COPIES TO: W.J. Brenner, W.M. Bryan, F. E. Porter,
J. FI. Ramsthaler, L. A. Shurley, E. J. West, !

-* R.D. Zonge

ENCLOSURE: (1) Summary of the Comparative Failure Modes
.., (To _Ltldressees (2) "U" Tube Nozzle Component Mechanism of

only ) Failure Analysis
(3} "Oval" Tube Nozzle Component Mechanism

of Failure Analysis

Enclosures listed above represent a completed preliminary comparative
component mechanism of failure analysis of the "U tube, steel jacketed" versus
the "oval (O) tube bundle, band reinforced" nozzle skirt concepts.

From the summation of the mechanism failure rates for all the elements
of each concept participating in each mode of failure, one must predict that the
tube bundle is a more reliable design than the jacketed design (predicted . 9470
vs .93663 ).

Reviewing the synthesis of the comparative reliability of the "U" tube and
i the "oval" tube, it is interesting to postulate(in terms of the designs _ailure rates

(failures/million cyclcs) and component failure modes) what specific inferences
t'an bc made from the quantitative evaluation. Accordingly, the significant
recorded failure rates for the "U" and the "oval" configurations are observed, as:

I. (_0 _- vs 77) for the end caps.

.. _. (135 vs 53) for the nozzle tube designs.

" The summation of the failure rates of the mechanisms, constituting each of
the three principal modes of failure, also respectively for each tube concept, are:

1. To transmit axial thrust (41 vs 5). i

-- 2. To resist internal pressure (9 vs Z6).

3. To conduct coolant (157 vs 99).

3.
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R. II. C_q)po/S. J. Homjathy _.Z July 1969
7850:M0219

Con_ideri1_g iirst the R D justifications, it can be thus predicted that the
jack_.ted nozzle design will have more problems from longitudinal differential
_.xt)ansion of the "U" tubes and support, as well as, from the differential radial
L,xp_nsions of the flanges, jacket and tubes. Secondly, the RofaCtOr for the
j_<'keted design can be substantially reduced, by employing mbre sophisticated
mt.thods of preventing or detecting potential cyclical ds.mage.

This preliminary reliability engineering analysis has been prepared for
final r_.view with the design and quality assurance engineers. During the

preparation of this report severa_ design modifications, as well as quLlity
_ssurance techniques, have been proposed and are presently under _onsidera-
rio,. These should reduce the failure rate of the jacket design considerably
_nd together with other considerations make the design more attractive.

F. C. VaLts
Reliability
Reliability & Safety Analysis Section
Nuclear Rocket Operations

f

'i ,.E
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,, MEMORAI_DUM

TO: A.Y. Lundback DATE: 31 July 1969
7850:M0234

"' FROM: J.H. Morison

8UB,IECT: Reliability Critique of PSS Schematic (Dwg. No, I136354)

COPIES TO: J.H. Altseimer, J. J. Beereboom, B, lv_andell,
I. L. Odgers, J. H. Ramsthaler, 78._0 Personnel

"" REFERENCE: (a) Memo 7770:M:6138, dtd 2 Jul 69, A. V. Lundback
to C. R. Snyder, Sub.iect: Minutes of Meeting to
Distress Integrated PSS Trade Study and System
Design Report

In response to Reference (a) a preliminary reliability review was completed
for the s_ibject PSS. Two potential problem areas with regard to reliability
bec,tmc ._pparcnt. They are _s follows:

a. Both PSOV's operate off of a common PSS isolation valve pair. Thi_ _
t,;,ul._ to negate the redundancy of the twin TPA systems because failure of both
isolation valw, s can shut ciown both TPA legs. It is recommended that individual
PSS isolation valve pairs and lines be used to supply each PSOV. "

b. It should be noted that both TBVs and the TPCV of t_ach TPA assembly

; opt, rate off one PSS isolation valve pair. H both isolation valves in a leg fail to
opt, n (e.g., SSV-29 and SSV-28) at the beginning of a thrust period, the TBVs
(rBVl and TBV3), will be left open and the TPCV (TPCVI) will be left closed.

.. Assuming that _he primary function the fast-closing TBVs is to isolate potentially-
destructive TPA failures, both TPAs can be operated by the surviving TPCV
(TPCVz) but no means are available for isolating the orphaned TPA (TPAI) in the

. evenl it fails. The faihzre of the isolation valves would therefore probably be cause :
for aborting the mission. It is recommended that some means of isolating ,_ TPA
be provided in the event of a failure of a corresponding isolation valve pair, or
provision be made for separate isolation valves for TBV 3 and TBV 4.

tt

/

-- ,.... ,:, ] 3. H. Mo_ison
Reliability

"" I UNCL ,AS_I[FIED [ Reliability & Safety Analys_s Section

3.17
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MEMORANDUM

"I'Cc. R.D. Huffman DATE: 1 August 1969
7850:M0235

FROM: L.P. Burke

._UI_JECT: Preliminary Reliability Review of Department 7820 Turbine
Drive Fluid Control Evaduation

COPIES TC_. J.J. Beerebom_, W. M. Bryan, V. M. H. Chang,
N. F. Wessinger, H. MusgrovQ, J. H. Ramsthaler,
E. A. Sheridan. 7850 Personnel

REFERENCE: (a) Feasibility Evaluation d Alternate Pressure Control
Concepts. N. F. Wessinser, dated July 1969 (Not
published, preliminary)

Rc-ference (a) evalualed several methods of controUing turbine power
.,,,d _on¢iuded that the use of binary or analosue valves in p_ral/el with a fixed
orifit-e may result in a more reliable and simpler control system than the
sini_h- analogue valve used for the present reference eqine design.

The detailed circuitry that would be required to control the proposed
,,rifire/valve(s) system has not been designed. Therefore, evaluation of which
-'_ysle,ttt may be most reliable will be one of conjecture at this time.

Conclusions

The operation of the parallel valve(s) i8 understood to be required
,,I .tddilio,1 Io the oril'ice during enline start and cooldown. As a result, the
r,'h.tbiht- y of the proposed parallel ori/ice/v_Ive(s) systems will be less than
ti_- reliability of the reference enEine analogue valve turbine power control
duri _,g engine start and cooldown.

The degradation in reliability derives from the orifice element, u
the sm cc-ss of the turbine power system is dependent upon the successful
.p,.ration of both the orifice and paraLlel valve(s) system.

The simplicity and potentially greater reliability of a digital/ multi-
i vibrator type control system as compared to an analogue system is recognised,
i but this _in. may be offset by the reliability product of multiple parallelbinary

v_dv,:s. This is particularly so if all the parallel valves must be opened or
dos,'d (no failures allowed) for the system to correctly operate.

*: In _II of the parallel orifice/valve(s) systems proposed, no means
l_.tvc l_e. shown that allow isolation of a valve(s) failure. Should a parallel
valw. fail,,re occur, loss of control over a subsequent startup would occur.
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78S@.M0235

RL-¢Oilln1i'l_Litions

Sinl_le or multiple valves piraUel to an orifice turbine tm_er control
"" i_ mlt r_ommended bee&use of system relilbUity desrsdatioa duri:q enstne

ltart and cooldovm.

Should an orifice system prove advsmta4pmus for controUiq stesdy
st_tt: opt-ration, a separate orifice isoLUion _ stKrt ami shutdoR system is
rL_:Onltnend_,d, wiih some means of TPCV rodumLl_cy and isof_ion.

Detiilinll o1"control circuit blocks is recommen6ed to _Llow • relia-
bility _tlysis of this portion of the turbine power coatrol system.

L. P. Burke .i
ReliabUity
Reliability & Safety Ar_tysis Section
Nuclear Rocket Operations -_

!UNCLASSIFIED _
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M i-_MORA_,; D U M

"t_. R. B, Wright DATF.: 6 August 1969
7850:.M0Z_9

FROM: E.B. Cleveland _.

SUI:JI'.C'i: Rt-li._bility Evah,atiotx of Diluent Supply and Bolt Coolant
Co.c,-pts - Trade Study 006

CO;';;-_S TO: W.M. Bryan, J. J. l_eerelmom, O. S. Duncan,
J. H. RamsthaWer0 !.. A. Shurley0 J. L. W&tkins,
E. J. W_st, 7850 l_rsonnel

REFF:REN(;F: (a) Memo 7770:M6139, dtd ? July 1969, L. D. Johnson
to J. M. Kl&cking, Subject: Diluent Control Valve

ENCI,OSUR_:: (l) Concepts Layout 1130744
(2) Reliability Ev_luKtiolt Chart

Th,- ti, r,-L. x',.,ccl_s for diluent supply and bolt coolant for Trade Study 006
::l,uw,i in _:,d,,snre (I) have been ev_l._tl_l &s to their relati_ reli&bility.

"l'h." ,,.,_1,-ri,'._l r:_tings, Enclosurt- (,?.), show no signific_.nt d;.ffer_.n_e betwec-u
C,,,.,,-id:, l: ;tnxi C. ]_oth .%ature shof lines that should resist vibr[;ion
•.-qu.,lly v.-I!. CL,-,,:_;I_ /_. l_-rmits deletion of the two Bolt Coolant lincs a.-_l
th.-ir l.)s::il,l,- f_ilx_rt: nlod_s, howc-ver, flow of the diluent to the hot g_s
bl,.. ,! i_rt i._ i:, s,:ries wi,th tlt." sz_lal] passages in the bolts. Althou_:h not
t-v.xlu-dc:l i_ d_t._il it may I_ possible to have reduced diluent ._ow because
of r,':_tri,-lio.s i,, som_- of the bolts. The reduced flow may not result in
fa,htr_- o_"th_ !_>It_ but may require a reduction in engine power.

Co.c,.pl C r_'quir.-._ a [_rt in the pressure vessel in a region of high stress
wh{ch would bo r_i_,:ted to reduce reliability.

The x-vah.-_t;on _.di(-a't-s that Concept A would bc expected to have the lowest
reli_il;;y of the three. Thi-_ is primarily because of the greater nu.-nb_r of
w,:hl jot._._ &nd th0- i.crcased suscept_.bility to failure from vibration-induced
str,'s:;c_ _-f :his 1o,_?_li.,_. To simplify the evaluat[o_x and based on th¢. recunt-
m,-t.i,_tiott:_ of V_-£,'r_::_,:c (a), the DCV has not been included. The DCV would.
o.ly furthc, r¢-dut-e th,. rel._tive reliability of Concept A.

t . • -° .

E. B. Cle,,oeland _.
Reliability
Reliability & Safety Analysis Section _ •
_uclear Rocket Operations L;

I - x-. ;TZD ""
i ,., , _ ,.. L'l ' ! ". " i,:: /

I .... ;':'"._L::,::.-" "Y:_::"
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MEMORANDUM

TO: L.D. Johnson DATE: 3 September 1969
7850:M0267

FROM: W.M. Bryan

SUBJECT: Reliability Analysis in Support of Trade Study Number 007

COPIES TO: J.J. Beereboom, V. M. Chang, A. D. Cornel/, D. S. Duncan,
J. M. Klacking, E. V. Krivanic, C. F. Leyse, B. MandeH,
I. L. Odgers, D. E. Price, W. O. Wetmore
NTO: W. H. Bushnell

ENCLOSURES: (I) WANL Control Drum Trade Study Reliability Assumptions
(2) Preliminary System Reliability Analysis

A preliminary review has been made of the reliability analysis presented
by WAHl- in support of the Reactor Controls Concept Trade Study (701).

It is concluded the WANL analysis is in error. They computed reliability
two ways, the first analysis assumed mission failure occurred if any of the drums
failed, and the second analysis assumed one drum failed at launch, and the mission
was continued with a degraded reliability on the core due to temperature scalloping.

They then indicated there was a slight reliability advantage for the lower
number of drums for case #1, and a large reliability advantage for the higher
number of drums for case #2. They recommended NERVA have 36 drums saying
that case #2 was the one which must be considered since the NPRD says no one
failure is permissable.

Their calculation technique on case #I is valid but their calculation is in
error on case #2 and their interpretation of the NPRD for reliability calculations
is a/so wrong. The NPRD says: 'tin particular, maximum effort should be placed
on a design which eliminates single failures or credible combinations of errors
and/or failures which endanger the completion of the mission night crew, launch
crew or the general public". WANL interpreted this to mean reliability should be
computed given the failure has occurred. This is, of course, ridiculous becausl.
it would then be necessary to compute reliability with one of everything failed.

The equation for case #2, calculating reliability with a one out compatibility,
did not consider that the need for operating with the core in a degraded condition

: only occurs given that a drum has already failed. Therefore, the probability that

i the mission will succeed is enhanced by the one out capability not severely degraded
as WANl- concluded by failing a drum at launch. The judgement in their model is
also felt to be poor for the following reasons:

a. They considered an equal probability of fail in and fail out with no
consideration of fail in place. Fail "in place" and fail "in" have a minor effect on
¢orc reliability com_'red to fail "out" which degrades it substantially. By
designing the drums to fail in place or in the reliability degradation associated with
a failure could be minimized, u o_

3.z¢ ..

v_
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L. D. Johnson - 2 - 3 September 1969
7850:M0267

b. They did not consider failure rates associated with I&C and the
pnt.ttn_aticsupply systems which increase as the number of drums increase.

c. No reliabilitydecrements were considered for changes in reflector

_d dome reliability associated with changes in the number of drums.

d. No consideration was given to multiple drum failures which might
randomly occur or could result from items common to banks of drums such as
the P.S.S.

e. They did not give sufficient consideration to the fact that the failure
rates derived were very subjective and therefore, they should have conducted
sensitivity studies to determine if the advantage for the various concepts changes
if the failure rates are indeed in error.

A few preliminary studies have been made at AGC using the WANL-identified
failure modes to determine the sensitivity of the drum system reliability to errors
in the failure rate estimates. The model used for the study is shown in Enclo-
sure (I). This model considers the combined effect of the total system success
and system success if one drum fails in the in, or out position. The start point
failure rates represent those utilized in WANL's study.

Enclosure (2) shows the drum system reliability as a function of actuator
failure rate at three levels of I&C reliability. In all cases except at high Ik4:
reliability and high actuator failure rate the lower number of drums is the more
reliable. In the exception case the 18 drum system is slightly more reliable than )

the twelve, but in all cases the 36 drum system is the poorest.

Enclosure (3) shows an increase in the spread between the three system
reliability va/ues when a single drum failure is considered to have occurred at
mid-mission instead of at launch and that fail "in place" is added as a drum failure
mode. (For simplicity in this preliminary analysis, each of the three failure
modes was considered equally likely. ) Again the reliability values are calculated
as a function of actuator failure rate to determine the sensitivity of the concept _i
comparison. For all cases, the lower number of drums is the more reliable. _

Enclosure (4) lists the assumptions made in WANL_s reliability analysis
which resulted in the recommendation for the 36 drum concept. Assumption
number (I) was the key item that resulted in a "sub-optimization" of reliabiiity
given that the reactor was in a failed state. However, most of the other assump-
tions seem also to favor the 36 drum concept. It is recommended that further
analyses be made by WANL of the various reactor control concepts considering
total system reliability and reliability sensitivity analyses to test ghe resultant
recommendations against critical parameters and assumptions. Critical param-
eters recommended for sensitivity analysis include the following:

t
a, Actuator failure rate.

b. Reactor f.tilure rate (both in success and failed state).

. c. Fail position of actuators,

Y.2 "
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d. Incrc;tscd complexity associated with 36 drum design.

e. Eft'oct of the failed state with reduced drum span.

f. Reliability degradation during coast.

M. Supervisor
Reliability
Reliability & Safety Analysis Section
Nuclear Rocket Operations

CtAS,_FJtgONCAf(60_

UNC LASSIFIED

3:2

1976068581-063



Enclosure (1)
7850:MOZ67

1976068581-064



0 _ _ O_

• 5.2_
A. ,Ll"I 1 _V l"I _I H ""

_-.-_ ............. ,.,,_...: .......... __ "1

1976068581-065



1976068581-066



.............................. 1976068581-06



Enclosure (4) '_'
7850:M0267

E _ E

I o E o
E E'_ E

o_ d

1
1 "£I.

0 0

m

%

,..

O

I

u 0 l_

0 _ 0
L_ m _ ca

_,, _ _ 0

_ "4
0

o'_
°,_

:_, .,_
U_ C 0

,-. o z !_
,_ •



MEMORANDUM

-1 TO: A.D. Cornell DATE: 5 September 1969
7850:M0268

FROM: E.J. West

SUD.IECT: TPCV Actuator System Procurement Specification -

Reliability Requirements

COPIES TO: J.J. Beereboom, W. M. Bryan, D. Buden, W. E. CampbeLl,
V. M. Chang, J. W. Cona,lt, D. W. Duncan, C. W. Funk,
D. E. Glum, E. H. Hill, {3. D. Johannsen, L. D. Johnson,
G. S. Kaveney, J. M. Klacking, E. V. Krivanic, B. Mandell,
I. L. Odgers, F. E. Porter, W. F. Pro, J. H. Ramsthaler,
K. Sato, S. J. Williams, J. H. Yetto, R. F. Zwetter,
(3. Martin
NTO: W. H. Bushnell

REFERENCE: (a) Memo 7770:6150, dtd II Aug 69, A. D. Cornell to
Distribution, same subject

The- following specific changes are suggested to the referenced preliminary
specification for TI=_V actuator systems. Changes are underlined or bracketed.

!

3.1.2.1.3 Numerical Reliability

The reliability requirement of the actuator system shall be TB_.__DD.

This requirement is _'_sed on successful completion of all prelaunch (final. count-

dow:._._lonl____and irdlight checkout maneuvers and a on_e year space coas____tfollowed i

!by 50 r.linutes of operation {covering the throttled to full rated thrust range}.

I
Operation to include _. maximum of 10 cycles with a maximum of 30 days coast [

Ii b--twcen cycles. AGC Reliability Specification defines the method

of evaluating compo,:ent ability to meet these requirements.

3.1.2.3 Useful Life

T,,e actuator system shall be capable of completing a sirr_ulated

useful life cycle in accordance with Table I where the cycle provides for the

following events prior to and dJring a single mission of the NERVA vehicle:

A. Acceptance Test

B. Prelaunch Checkout

C. Boost

D. Coast (Ie_ _o3_ "

0

.................. _.-._................,,............._..._._;._:.::--;--;.-.--._,--_--,..,--.
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J.t.2._. Useful Life(cont.)

C. Engine Pre-Start Conditioning

D. Engine Start-up

E. Engine Steady-State Operation

F. Engine Throttling

G. Engine Shutdown

H. Coast (I month)

I_ Repeat C. to H. I0 cycles

3.3. I. I Design Analysis

A. Stress Analysis _er SNPO-C-I

B. Thermal Aitalysis

C. Reliability ,t,nalysis per AGC

In general, the reliability a_lalysis of a/1 components will require the

i

followi rig:

1. St&tisticaLly designed acceptance testing in order to estimate the

expt-ctcd mean and variance of each measured response variable. In general,

this requires an examination of the e:cpected flight environments and their levels

v.hich will affect the response variables of interest. In addition, estimates are

required of the precision and _ccuracy of the tes_ instrumentation used :.n meas,iring

- the response variable, the extent of the interactions that can be expected among

the imposed environments, and the expected repeatibility of the response variables.

2. Determine the functional relationship between measurable response

variables. This requires an analysis of how shifts in one response variables i
i

|

effect the other response variables. A detailed failure mechanism may assist in

thi_ deic rmination.

33

v ................... _ .............................. _-7"";_. _ '7" "".......... , r
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3. Define the boundaries of each response variable, outside of which,

extt, rnal compensation is required to prevent engine system failure.

4. Determine the probability of not exceeding the Iimita on each response

variable. Combine the probabilities using a component math model which

depects the response variable relationships.

S. Accept the design if the part is more reliable than the reliability

r,'quirements .

Redesign if the part does not meet the reliability requirement. (Redesign

may not be required in the long run if the component results, combined by an

engine made model, exceed the engine goal. }

6. Define a Qual. test program which will evaluate comlx, nent ability to

meet the useful life and maximum environmentaI exposure. These tests verify

changes in probability of meeting the engine limits defined in Para. 3. as a

function of time or cycles. Changes in reliability as a function of time or cycles

would be indicated by shi_ts in r_.eans and/or variance. More than one mission

duty cycle per component may be required in order to statistically define these

shifts.

For response variables where continuous measurements during a test

are available, estimates of the mean and variance may be derived from each

simulated thrust cycle. For response variables with single data measurements

per test, the results of several successive tests may be grouped to provide

estimates of mean and variance.

"[he general reliability specification will outline this process but the

specific details of analysis must be presented in each Acceptance Test and

Q uali fication Test specification. , /Ijj--.Z__ _
1 West ,.,.0

ReliabLlity -
i_eliability & Safety Analysis Section ..
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TO: a.H. Alt_eimer DATE: 18 September 1969
7850:#40276 r

- FRO_: a.H. _-',orison "

SUMECT: Reliability Input for Trade Study #17
..

D!STRIBUTION: a.H. r,ltseimer, W. N. Bryan iV. L. Davenport, _-
F. Fairull, a. N. Klacking, A. V. Lundback,
B. Mandell, ]. L. Odgers, Section 7850 Personnel

LI_CLOSURE: (1) PSSTrade Study Input :-"
,t

L

it )

Enclosed is the _licbility input reques_.edby W. Davenport for :i
Trade Study #17. The reliability of the final PSSdesign is e_-t,mted _
to b:_,.9_87. This figure is derived assuming the reliability of the ,,.
I&C systt]m was a constant fo:- all syst_s considered and that "_"
inte_a]]y generated cont_nation did not cause _ultiple failures.
The failure rates _re derived from Apolloand G_,inidata. Enclosure(l) ..

includes sections 3.6.1 through 3.6.4 of the trade study and an a:;pendix
with a description of the operation of the PSS, a PSSschematic, and _-
the derivation and results of._liabilityestimates. ::

-m

._ \ .-

,-.:
r:

• a. H. Horison
Reliabil ity

. Reliability& SafetyAnalysi_Sectioa _:
Nuclear Rocket Operations

f
(

b
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o. I
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3.6 R[t!r,P,ItITY

3.6.+ O_.bjoctiv _e
l.
t,

In order ¢o met the high reliability requirement of

the NERVAprogram requirements document, as mentioned in Section 2.1,

an iterative, design and analysis procedure has been used in this trade

stuc'y. Sirce a cm_ponerAtdesign phase will follow the current effort, it •

was essential that the trade study i-esult in choice of design alternatives ":
h

which are c_:_,able of being developed to the necessary reliability as well

as ¢_ettng the other system requil_h_.nts. Simply stated; the objective of "_
F

this effort has been to achieve a configuration es defined by (1) a piping !

and flow diagram (2) related designs,and (3) operating parameters that can "-

achieve the required high reliability without requirin.q excessive performance ._

or highly advanced staL2-of-the-art components. .::

The sections that follo:v discuss the reliability assess- "',_
I

ment of the selected alternative,:, the reliability assessment and th_

reliability improvement potential. ._

3.6.2 Reliability Analysis

3.6.2.1 -

The reliability analysis and tradeoffs in this section
_'

represent a fourth phase of reliability considerati ns. The four phases

r.kly be described as folloivs:

3.6.2.2 Phase One

The first phase of reliability effort was the provision

; of relic! liW input during the initial design of the PSS system. This
,:

input generally consisted of intuitive comparisons oF concepts with

spocttoreli.U1ity. 3.
t

• t

4 '
o.

" II_ - _ ......... - ...... " ........ ,,,,._ _T._-............................ _..,* _..,,.,,...', ..... .,,Or_.,._--.,,.,,,,p,.'-_--'"_''_b_iii _ ' _'_

" !
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_ ._-. "l*l,.<. ,-_.ec.,.u:,,_:,,..,,'.,of r_l iohil Sty ef ioi'L on the P'$S
ii

.,,._.it< wt;s {h.. rcili;bi'li _-,,.;,n'lt'si,_. (ff _,_. ref,-.l-c;_ce e;l!linv of
i

" i_' Jai I i! i ,°) :iilil'h _i,::. ill(" r_'._ult Ol" lho iititi=l &:sif_l ,.ffort. ihi_ _.r,aly:is
t:i{li-',.,I tl__' dc:',oll_l.__'ii{ of r_li_bilit), _o(lei_ and {h: derivatiml _f

• _ i..i_di::{ed I'$S r_lii.ldli'_ of _ a for il I0 cycle mi._iup., lit _i,lg this "
b l • -Still

• : _-_ _i.lld-eel,orientrel;abilltyvcluesw.zi'_dei"l',i._dfrt, U.e olrrenL l_lt
_7

, *" esti!.,4;.,, of i_il-i-iilDd hari_liil_ h_ll .Apollo and Gait failure rite d_ttl, i

; uil_ i,o a_ustl_n{ for the lP, i^ erllne environ_nt. These etttntltes=

. ; ttv_ru;ot_, repres.,t tim curr-._lt =state-of-the-ilrt" of similar co_r_nts, i
I. 3.6.2.4 Pt_se Three tPI_ 1_rc_ of &he _eilabilit_ eflort involved _he a_alysts .
I

and tradeoff of ch_,,;gesin sys'_, configuration from that of the _efe_nce

• engine of July 1%_. The.clwmge_were Invt,stllat_d in consideration of

I_rfo:-,._mce) fiiuhi, s_fi:Ly, aml rel iibility, .'-,pacific safety _-#c(_._it(;sti_ls

: _ my I_, tF_.wl in 3.7.2. Of m_jor concerti were _ cl_nges to the p.'lelir_iti¢ L

, ; gas ta;_ks in ord=r to cmply _t;_ safety recmwendation.s of capability of

- _' ta=,k t._olation, era,rio.el recharge and emergencymain propellant ton_

_ pressurization. Also filter bypass valves, actuator vent pressure releas._ i"

aewIsc,parate I_Oi shutoff sySt:_s ire added. _ne oth.-r safety reo_.,datl_s 1

ii sulle._l,._l were felt to not _cesstilte I basic change in configuration, it
I_

.. 3.6.2.5 Phyla Four, the Latest P$S l:

: iii A_ a result of phase three analysis a new I_S conftgurati_w_ .i_

i _ was desig_d and ha_ tx_n analyzed for reliability for a 10 cycle mission, a 'i:

(wit, year coast followed by lO firings with 30 day cOosts in betv._en. Refer

to Appm_ix 1 for a schemtic of the syste_ and the analysis of its operation

and reliability. Aoain Apollo and Gemini dat_ provided the source for theT"
: )!

- _ COmpOlicnl;reliability estimates, t!o ad_ust,int was rode for the difference

i'- Ix,ti_.;., tl_ ItERVAetlviroi_nt and ttle Apollo and _ini ©,viro_:_nts_

i

.#

,=,,
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i i; _ t. !

L|,', _:,:_ycx,:c:pLimtbein- an upd.;tc,: ,_ro,_l,ilt.ty o,_ v,'lve le_,._.W cf .0(_:;08
.* •

_,,,,,,., that, t!e .U00174 prol_bility u_t-d previously and a r_ltabill!.y nf

', f.r tl_" I_t,l: t_,l leaking. Tie change in valve le,_.age t=liabilti_,
• "6 i

n-sul L¢.dfixn con:,ic_ration of the increased lea':a.':e p,xJbleu;_associated *

- toith t!_ U_: of GH2and the t_nk prob,:bllity of leakage w;,s based on AeeoJet's J ;'i ":

experiezme with pressur._ v_sels and yes required to tumlyze the poT_ttei '

of ta,_ Isnlatiea ¢knrin9 the. loaf3 periods of deep space operation t._e N(RVA _- i

: wili be Subject to. el. was found that using two ;:,utoffs in series fr,r c&ch •
4

tank insured .ge[gt tank leakage and redknMant op_.nlng could still be provided

by b,I,pin9 _ trod. thrm_h an adjacent ttmk using ti_ vent valve._. TI_

re.liability or tl,is tank sysLem_msfound to be .9_g. _This- _reg.,lted,.tp_

a .__li_h_liLj2.f.of this I_S s_ys_eelof .9a87 for a 10 c)_le miss.io,_. CI_:n£_s

Other than tbe t_,l System conftgurati¢_ had little effc_t on the sl_.te_ ;_

reli_billty.

3.6.2.b Tanf. Netvork Comparison

It vas felt that due to the added complexity of the n_,_

tank netmrk it _ould be advisable to compare the single shutoff tank net- ;:

work of tt_ July PSS with the new isolated tank r_tamrk of the latest P$S

taking into _ccouat the instr_vntation and joint leakage reliabiltttcs. Taki_:

th_se factors titre accmmt tim reliability of the isolated taznk net_mrk is _,,

.gbG and the. reliability of the old tank nettmrk with un_r_olat,ed tank_ is i-

.928489. This indicates the tank network with isolated tanhs is supcrtor with

respect to reliability, but it sbonld be remembered that the rellabiliLy of i i

the control syst.c_ and ,m joint leaknge may be much lower than is currently {" '

estimated, in this event a re-evaluation muld be in order. Also pest L
experience wi th ta.ks of the type to be. used for tl_ I_S tr_tcates they have

a very high r_ltabtltty (i.e., usually R assumedto be 1.0), therefore, if I

tan_s and joint_ can be mademore reliable the untsolated tanks might prove i

tu h,zveaccepta,,]o reliability. ._.._

!
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" t:,.t:,,_ Lzngi.e _nd th_ 9tmb;_t actuato_.R_ Val"';_,._v,_'.'e _c!u to,,': of the .... '"

I|,. (_n,;ll@.

' _ l'iic sy_tet,, Can i." dividc(l into three _oui)_. The',_ are: "
_2

I I) The t,rPss.rized t_.,t. ;,vqc;n including th'. shuitofi' refill
,,nd v_nt v,:ivc:..__ocic, Lcd with (,_,ch¢f the five t._r,Ls.

_) lhc: pre;._,_,.;;re:'l,l,',L;u, sy;tem.

3) The Le,i i,,,,]_tiol, v;qve sy._tcas for the valv,.: actuator nc_.L-

1 1iv" m.,tn proi)ell,mt t=nk I,_'essur;_ation sysLr_nrap:,,al_o be i,_c_,u_ed

;=_p_,rt of the P3'.;syste_a.

_' I 11,: la3'ot=t Of the groups ,=:':nLion..dabove cz:n be s.ean in Fi.c,u,'-ol.

° "lI,_:,_Iuo! ;ca gas ccmw:,from 1.1v_-t_nks through th._ t_.n1¢r.hutoff5 or

I 'l',_,=tiP_ (k,;.,-:duri_:g (:i,;ji=t_.sLe_d-sstele operalion. _I_ gas the,, .r, .--._

I thr'du_!!i th.,. pi_s._uro re!lulation syst¢:mand on to each of the-'-actuator
II

il shutoffs.
' [ach t,_nk has tt._ series isolation valves, a valve from the _,,:t_n

l,rOi,.qlant (,_nl: fnr e;_.:rgenc.yrecharge and a valve to the vent manifold

com,zontu _li five PS5 tanks. 1here are five tanks with enoughvol_".,,'_to$

_ giw ti_ systeat a "one out" cape,bility for one shtfi.down,cc.oldowna,,d

restart to point of recharge. To minimize the prnb_,bility of leak_o_ two

-_ valvesare in series(,nany one of the three leaL_.o_paths for e,_cl,.....
c

Redundani:ta;Nopeni=_9is insuredby allowihga tanl,to be used th.-,o:':-han

ad;Jacent t_ud.',vi_ the vent valve:.. The system also has an en_rgency recharge

i ,_'. capald]ity. If it is ,ccessar.v t,') recharge for son:..,reasoa (i.e., prolonged

leal:a(le)beforethe st_=rtof a bur., thiscan be done by ventingthe i:nomnatic
r-

: [. tanl.sto space,fillingthemwith l.IIz fromthe m(=inprop_;llanttank,e,,=d

: (
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,Illw.".',._q._.(,1;iru,:,l_._t_ollto h.,-L,.,i.'li_1:0a hi'":,,,p_et._ir_gas. The d:'_

_,_...Li'.ovid.,_;_,,,,,._f .c¢_;,IJ:,hlp:]thi_wil;;e1_ct:'ic_1povz_.ro.ly _o

:.ol('::_,id valves ,,_:, u.,ed. Thu shuLofi" vulvoS for e,,,:h gro_p o; actu;tors

,;re _;(Livc_y l_(',,',,,;,,'t.The pvessm_ regulationsysL_;ien,_loybst,_ndby

_'_'d_,;':.',;)lcy.

llze opur;,tion of the I'SS is as follows:

At tim L_erji.nim_9of chilldo_n tl_ PSS tc.nks _re sL_ll churgeJ frown
L

a gr(_md ch;Jrgeat" Lhe last e;_.(itz,ebull. At the bt.uinn_ng of chilldow_l the

PSS &_,& ._t._tofi:. given, the.pressure reoulation sy._te_ begins to o;_erate

a.d all shuLoffs (,i,_. ex[ept thai;. ('or tl_: CDA's, I)CV_nd CNDV,l((V systems. : i
)

kthe. :.tart occ,_r_ after 6Z s_:com_dsof chtlldoval the C!_ end DCVshutoffs open _.

and du,'i.!l full thrur.L _11 sii;_toffs but thaL for lh._ CP.DV.THAare open. At i
the e.d el full Ll_tusLand thrust ramp _o'.m. 405 se_;n&_ after st_rt of chill- _-_

down, the CDAcad IICV shutoffs close. Both the TPCVshutof-_s close about
L.

?.0 SL'CO*eISl_t, rr (Iuri.g pu_. L(.Iloff. At the end of pmn_tailoff. 600

_ secon.'!_, _f_er st_'t eF chilldaw:m, tl_ P_OVshutoffs close c_:d the CNDV,TNV i

: "_hutofFsopens ft.t- pulse coolip._ and thrust .ullin9. At the end of pulse •

cool ing/thr,;st nulling. 31.36,4 seconds izfter start of chilldown. _11 the

PSSsh'_tuFfs clo:'_ Gn(Icoast begins.

Approximately 10 secondsafter start begins the dc_,_press.re is high

e_ough s.ch that Lhe PSSt_llnltsc_n be rechP.rg_d, Recharge at the I'SS

": continues as needc.I until _[:out halfway throu_ll full thrust widenthe PSS teaks

cm_ fully charged _nd tl_ t_,_k shutoff closes, lh_ PSSsyst_n is th_n d,-tven

by do;,_epressureu:_tiihelfw_ythroughthrustre,i;,downi.Hlenthe tentshutoff

: ape.s. The PSS ._ysten_then runs off tcnk pressure u.ttl the next run bo.qins
i

i)urfn9 coast al1 shutoffs of the PSSsystem are closed. Tt_e :

pressurizetion 06 Lhemain propellant tank might _lr.o bc considered a function

: ()f tl.- PSS. The:.,;;in tank is pre'.,i,urized with exh;,ust f_, tl_ valve act.ators .

_s shown in Ftu.ro 1. An altm-nato meansof pressurizing th= tank is the Ji

.se of doim pressure or PSS ta.k pressure using the alter.ate recharge leg
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, )e ., j_;,',........I':! i ,",:,i;_._'i'Y.._rSTI:',',':',,._-- , 7.;;50:M(_/-7,:,
ilk_ i (_'" "' t' '".......... '.__.L;.J.'_

,k_ _ht. k:h.,i, p.:.. ;,._t:,, r._ :. _.,. ,'t:C(,ii_" C(,,t.... '.,_iCJ.

- I) i'r4,h,.hili_y ,,_ a ('h,..cL va'Ive failiu(l t_, opml is zu_'o,i

. _') l<cli,_biliLy (Jr ,: (:h_.cLvalve nnt ba,,:l, leaki119:

: Rc : .9c:996,0;or ei_,':cycle.,,, L1

: .. 3) Reli,H_liLyof no t_nk l_.,Itsin one cycl.:
:i

', lltu k :: .96 -_

"" 4) Reliability of sig:,al, s(-.,,,Ing."'"• Rs = ._zi_,)mr, for one cycle. .i_

"' 5) Rcliab;lity of no leakage+through a sc,lennid valve for _,_(
one cycle: Rc = .999792

6) Reli('l.ilityr,fno leal,aDethrougha filetoperatedvalveo.

,. for crJ:,c.vcl,_:Rc : .999958. |

i 7) R,cliabilityof solenoidvalveopeningfor one cycle:

"" Rvo = .9_9935

8) Reliabilityof pilotoperatedvalveopcningfor oa-_ cycle: ,!

Rpvo : .999,_5G. ,::'_

9) Reliab|ityof pressureregulator: Rreg= .999781. .:

10) The missionin questionisone year of coastin spacefollow-d

by te,n burnsseparatedby thirtydays coast,

If. SUI._ARYOF PSS REI.AI_II.ITIE:: ::

: NEWSYSTEM OLD SYSIEM
WITH ISOLATED WITH UNISOLATEP

L t TANKS TN_KS

ReliabiIityof Tank System .976 .948985

Ly of pilotoperated (.958)3 ( [.
Z

Reliabili
Isolatiohv_Ive systems

L. Rel iabi 1i ty of solenoid isol_,tion (.965)7 ( .955)6
valw: sy$ Lems

i Reliahi 1i ty of. pressure regulation .9567 .9567
. sysLore

(I
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"g" 7_St]:_,,: 0276 ,

;_. }.u!.;;;A]]y .__:!,..',.,r,rl.]Ar,l__IJ_.s(r.on_'_'..)

_,..t.:., __.L, nln SYSTL,:
l,_j'l{'.]'..C.A,LD t:,rilU,'ilSOLAII:'

' ..T!;.":!,>..........1Ar_.;:_

R,l'.d_ili!-,(,,i,_ainp,Ul:.el'l;mt ' "q7 > "97
t_m!,prt.:.,..,,rit.iLion

l_t::isysi.,l;;re'2iabiIi;y cxcludin!I .9187 .9451
p_'_.SSU_'iZ,:Lit4_

• ,.,,t IiahiIii.y .:4,;7 .9451Tu_"l Sys", ,,,". o ""
11_!udl_:_IMI'TPressuri.'=Lion ..........

I !
the rcli,"hilityoF ;.I;Loi(!['_:;sy_Le,,1_s e._I,i_n_tcdiv,,,ly 1969

w.,-._....4f,O. IvFferent (_....""""* reliahili_';e'-.dmatesre.,,ul_edin

the diff(-:r,,_Lc',th_ate!.,.esentedal,ovefo, Lh:.:system with un;solALed

te_d,s.

In ord.:r£o compa:_ ti_:ncw and the old ....', " "_

a:.',t,_:e.lth,,LLh_ reliabilities of _ensing f_.i!ureand sendir;9signals
}

to w_Ives t.'_,_.I's = .945n. L.

The proI_,,'_lilyof ,_nyleak nDt. being cat,_,_rophicv;_,s.

R 1 = .75

The ' ''ln'Ou:,.,_l;ty of a joinL to a con;ponehL not "leaking v:._s:
!

Rj :: .99992_.

HaLincIthes(,assumptions:

The old tank _etworl:ha_ a reliability of - .928(189

• Th:,new t_..._km:twork h_:.a _liabiliLy of - .956

I

1976068581-081



! J.._ ,',-,_ i_,':D}
-.,+. 7t ..... ,.,, 0..?0

• . . . ....... . ...............

lh.. i,l_;,hi'li[y t,:" a :,i,.,.I,?. _+_li_, fv_' i_I c,cl, S _i'_L"

I i. ih' i, i;,,l,i]ll.y ut ii. h,_',,'i,l!l u :,u_'FI; 't.+,;" i,r,:ssur't" cl,:.r::e

i ul Liw I,.'. "nnitv.l u_ _'.,-h _i.,_rl (Rp) i_r_l i.h. r_,li,:b_lity oF
I,:',_!] ,'_,," lu l,',( ' l!i,,Lchi:;'t,c fro' e.,Ich l,t,l";i, .%1). Ther.:.n., •

kld..-l,p . Rof+ +
+

> Tht: rcli,;hillty{_IIzs:vi,,gfuurouL oF Fivc,tanl'_v,'::r!: ";¢.;" +:

+ 10 t_'('!,,., is Lh,'i,:
•

_ _ R_., r:ot s (l-Rot)P'u

I'.i: "' '" • ," ' 1":'.t,a) _.. t,,,' r-':lii'.bilily 0£ a tin,:, l,n'L ¢.uv'e!:+:;i_:!J_: :

-- |._ > olini,_:i,,c:'i}l l.h:'t{_llcS'(']c-soi" i_ it d:'n_,d::v.nlci)c foal. i,_, le- :

I ch,:_,'_ahl_. "lhcvefoi c: }

: I' : [("+_I " i;rc'I' '" on.,ye_._)+;.(i-.Kniur,e v,,.-.,,r)] _:

1 --19" Elnl _ _

-+

+ ? R 2
I Rnl ('l-Rnl)'rc "

: _ I Rh: (l-r_nl)Rrc +

i 5 (l.Rnl) 4
It+_,'I Rr¢

+.,- _ ,5_, (l"Rnl)Rrc +

- !
: 3 6+

: "" Rhl (l-Rr.I)Rrc
+

7+
, _" RII_ (l"Rnl) Rrc

P (I ) R8+'_,? "Rnl rc
: i'

t

C

...... +_ m,,++
..... • • ._ ., ..... , ++ .+

+<
:+

+ +

++ + = , . _ 4_ '+

1976068581-082



""l IL.ITIP-, __ , 't" %" #

". ,_ |" " :: , • , -, :t;.,. • • • " • ." • "..

- °° * . . . .

• . t

' *t _. _: ._ '4"
1..' "

,I

,;.i,.'(:..i.1 ::, , (;-%i.?_,-(I ::_)_'ckll(_z,:'{_-.,.IRe)x
wl

:'"i.: |,._ _i " :l:':l(- '- ',:. ,::'; _:"':,-': .ii I.'i_:.'. (*f i ' :: ,:-.1.--_..

il "- "-,
t

I (I-Iv,.) (l'::vif') (i:l-_1_"_ III
t .

' (l-'._l) (i :b,._):' (%,.)" 'o .
---
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i.i'll_ .
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Ill o::ih: ;:*.i it, Ilia r_ ll,:i_liik.% .%, (i" I,,*i.,-:,,h,-I a_iu_:tio:i 5,.'.._

• .I l- _- • - ° V.o_.lru, i've l,r:. "i:. _.,-.. i!_v reli,:l-_.lily of t;_c I'._5 ._p.t_ is (.-...-,,o i_i:._._t:u'

_.cb:.d,;:'-, I'_ {.,:.,.'0 ..-:d, of l,-ii slml ,if _)_t_m. The l,i-essu:_ r,',_t;l,,l-.;en, sisl_';:.

• I .II
('K, iu;:. Sb";:llL'," i,:::la,J,-_0_,r_.9",]:,iltn _nd i_i1_.,I, oii(:r;t:., a piiol _,..l:-:s -..:

u$(',l to ((.,.:rol l!i._ f]i:'.v lhl_.'i_.,il l.l.Li. There a_ D,..i'cr _c_'v- i.-._:....'; ..t
7
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MEMORANDUM

6

_ T_. D.F. Vanica DATE: 10 October 1969
, ?U0tM0U3

- FROid: C.T.

SUBJECT: ReUabUity Intmt to Trade Study No. 086
.. (Kmerseeey Mlutoe)

.. GOPIIB TO: 7850 Persoaael

-- ENCORES: (I) Failure Mode8 Analysis Summary
(Z) Failure Mode ]_htct8 sad Criticality Analysis
(3) FaWure Mode Matrix

.. (4) Criticid Falluee ]_qdan_ioet8

The emerSency mbseioe bu tmmtively ben defluod as • x_Juced thr_
level mode of operatise. Tkis etlminase8 the need for decistou8 under emer-
Rency eoaditioes.

_tbe core wiU aimok _ _mfl the _ baurd )d_
been elrmmimt_ by _ d • md_icte_y loq lifetime orbit.

The primary objective of tbls aaalysis is to determine the mo_t reliable
emergency missioe operating point for the m_ 8uboystmm,_ of the
NI_RYA emSine. In _dd_tioe to the ememal full thrust mode. four pusflde
emergency thrust levels are compared to dm_ermiae if amy one level is sispsifl-
canfly more reliable than another. These levels are taimlatod bolo_.

Thrust bsp Te Pc

75.000 825 46OO 450

40,000 575 24Z5 245

. _ 38,000 56O 230O Z.JZ

34,000 530 Z070 209

JO, 000 S00 1850 185

A cursory anddyshs indicates that since operatiu 8 ten_peraturem _t
the ensine system Benerally decrease with the: lower thrust le,_el8, the thermal
stress also de_re_Jes, resultiq ie increased celiability.
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D. F. V_ntca - 2 - 10 October 1969
7850:M0ZS3

Tbe maximum Leusth of time _e_ictpMed for emerpucy mode oper_
is 1000 mecouds. To provide • minimum total impulse (30,000 ]be z 104)0 Nc
= J x 10" lb-sec) for the emerseacy mission, the follo_a 8 burn times are
require_

Thrust, F (ibs) Tlme_ t _sec)

40,000 750

38.000 790

34.000 882

30.000 1000

From this consideration, the shorter bmSth of burn time would tend to
increase reliability. However, the eusinm hi required Qo operate 0,t full thl_Mt
for 3600 seconds. The dtfkrence bet--mien ?S0 and 1000 seconds is probably
insijEn_icaat.

To assist in the se/ectiou of the most relia_e emerlleacy mode, • system
failure mode 8uadysis wu coaductod. This analysis examines eack component
"failure effect oa the eqine ca4mbility to cmnplete an emer|eucy missioa. With
a given component failure mode, • determination is made relative to the level
of thrust and component redundancies that can be maintained. A total of 95
modes of failure were ualysed. Enclosure (1) catoS_ians these modes.

ApproEima_ly half of the failure modes (43) permit continund fuil thrust.
755L of these (3Z of 43) permit dual peunp operatioe. This would seem to indicate
that automatic redu_._ctiou to low thruet or siaitle pump oper•tioet would be aLn
unduly restricuve definit_oa for the emerpen_/mission mode.

Some compouent foi/ures prevent normal cooldo_m throush the auxiliary
cooidown circuit. In thi_ event the emerSency cooldowu m•y be accomplished
by flowinjl/Ji z through the PSOVs.

Encloaure (Z) coQtaiu_ the failure modes analysis performed on the reference
e,,aine components.

E_loJure (3) is a matrix of the failur_ modes analysis showin 8 the failure
modes by compouents, if they effect normal cooldown ami the mode c_ opera_io_
after the failure.
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f,
)

Enelosur_ 141 discusses those faLlures which result in the _nj:

a. Complete loss of thrust.

b. Sieqlle pump reduced thrust oeJy.

I c. rookie pump, full thrust.

I Allefthesemodes d/iJ1,1_ ilve eitherre_ _revldedor a lowprobabili_ d failure exists u evldeuced by previoe8 experleubce. !

I °- i
Any oae level of the four emerseucy thrust level8 is not slsotficantly more .

re|ialde thin 8not]bet. |'

I The emerseucy missioo mode should coosider the failure mode that his
occurred and the res_Jlin8 enstae c_. The desLtable _ level In or6er

i to prevent ps_pasat_on d the Failure should lie coesteJered.

Jr .- -
I

I
C. T. l,a,ql-

| neuab_ a SafetyAaaly,_
Nuclear Rocket Operstioas

1

: i

i _
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t_l_q_, mlr_ ANALYSISS;N_-_Y

r,.,_.a__..¢,of__Faf.1.__._JIod.-..___s.coa._ _s

_k_. of failu.Pe uode8 I_tch I_evest Mrmt cooldee8 ii

_. of failu_ modes u4u_b prevent mluta/n/_ fun thrust

nr _y mi_on minim_ thrust S

_,. of failu_ modes _ich prevent full thrust bet emerK_cy

mission thrust levels are possible 46

Permits Dual Puup 43

Per_ts SinIAe Puap Ouly 3

N_. o_"FailuTe nedes uhich perait £ull thrust 44

Permits Dual Pump 32

Permlt._ Single Pump _tly 12

l.

I
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Enclosure (3)
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Enclosure (3)
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Enclosure (4)
7850:M0283

CRITICAL FAIL ,%E EXPLANATIONS

Failures Result,n_ in Complete Loss of Thrust

I. Thrust hulling valves prematurely open - electronics must be
fail safe.

_. SSKV fails to open - low probability of failu_ _, no redundancy.

3. Pneumatic system tank shut-off valves fail to ooen - parallel
redundant paths provided.

4. Pneumatlc system r'SOV isolation valves fail to open - parallel
redundancy provided.

5. Pneumatic system SSCV isolatlon valves failto open - parallel

redundant paths provided.

Fallures Permitt,.n__ Single Pump Reduced Thrust Only

I. TBV-Z fails to close - second order failure. Failure to isolate

a failed pump leg.

Z. Pneumatic system dome check valves fail to open (Z each) - low
probability of failure.

Failures Permitlin_LSin_le Pump at Full Thrust

1 thru 11. Eleven failures associated with pump feed components for
which parallel leg redundancy is provided,

12. Turbine _nlet line leakage which caa be isolated and a parallel
path is provided.

¢
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MEMORANDUM

TO: L.A. Shurley DATE: 2 October 1969
7850:M0291

FROM: R.D. Zonge

SUBJECT: Reliability Input to Skirt Extension Trade Study

COPIES TO: J.J. Beereboom, H. J. Bronner, W. M. Bryan,
D. Buden, J. W. Conant, D. S. Duncan, C. W. Funk,
G. S. Kaveney, J. L. K/acking, I. L. Odgers,
B. Mandell, E. A. Sheridan, E. M. Tak_mori,
E. J. West, 7850 Personnel
NTO: W. H. Bushnell

ENCLOSURE: (!) Preliminary Reliability Comparison of Gas Cooled,
Cryogenically Cooled, and AG Curb Skirt Extension
Concepts

& preliminary reliability comparison of the present gas cooled, cryogeni-
ca.lly cooled, and AG Curb skirt extension concepts has been completed and is
transmitted herewith as the Reliability input to the skirt extension trade study.
A co_,densed version of the comparison was given to Design Engineering for DEI
presentation.

The comparison is based on FMAs of the gas cooled (P/N 1136173), cryogeni-
cally cooled (P/N L136165 aluminum tube bundle), and AG Curb (Drawing #]136077
plus an external stlffening structure such as Intremold added), extensions. In
addition, it was necessary to assume that all necessary fabrication development
had been completed and an acceptable i_brication process had been adopted for
each concept. If such an assumption had not been made, neither AG Curb nor
the cryogenically cooled concepts could have been considered in their present
form (Drawing No's 1136077, and ].136165, respectively).

The AG Carb extension needs a stiffening structure, such a,_ i,_tremold, to
prevent failure during firing from vibration or "flutter" There is al:o a high
probability of fabrication anomalies in the critical flange area. Changes in fabric
ply orientation during cure which are almost certain to occur, based on experience
with large high-silica tape wrapped parts for the 100 and 260 inch solid rockets,
could change the controUing failure mode from tension parallel to the plies to
interlaminar shear, peel, or tension perpendicular to the plie_. Material tensile
strength parallel to the plies is roughly ten times its strength in the other
directions. In the case of the large solids mentioned above, the tape wrapped
structures were enclosed in metal (solid or honeycomb} cans which were the
actual load carrying structures. Consequently, considerable development work
will be necessary to demonstrate if and how an acceptable component can be
fabricated. Although AGC experience has been primarily with tape wrapped
components, the "shingle lap" and "rosette" lay-up methods offer some advan-
tages and should also be considered.

L•
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7_50:M07.91

Also, fabrication experience with the alurninun-, tube bund/e (cryogenically
coL,f,t,d_ <'oucept has been very meager. The Able-O combustion chamber was
_n aluminum tube bundle, but the tubes were relatively hea,_ walled, and the
strLwtuz _ was all welded. Welding, as a method of joining the proposed thin-
walled tubes is considered impractical because of the extremely high probability
el undercutting or burning through the tube waits. Almost all aluminum brazing
to date has been confined to small parts done in molten salt baths. The size o[
the NERVA extension and the cleaning problems associated with the use of molten
salt make brazing an impractical tube joining method. It is realized that other

; tube configurations which could be joined satisfactorily are under consideration,
but development programs to determine the optimum configuration and assembly

i procedure will be required.
On the other hand, brazing h-_s been proven to be a reliable method of

joining a stainless steel tube b_nd/e on the Titan family and other competitive
i programs, and no new fabrication problems are anticipated. Some investigation
q inlo the optimum tube-to-flange joint will probably Le required.

With the above-mentioned assumption in mind, the "one-zero" method
was used to rate the three concepts on various failure modes, and thus arrive
at a preliminary quantitative comparison of reliability. A_ can be seen, the

! preliminary ratings are such that all three concepts must be considered as being

I essentially equal from a reliability standpoint at present.

In order to conduct a more detailed comparison, thermal and stress
! -_nalyses of the three concepts must be conducted, particularly of the skirt-te-
l skirt extension joint (forward flange) area, and the primary stresses must be

defined. Stresses and material strengths can then be compared and a more
, realistic comparison derived. The FMAs for the three concepts and the relia-

bility comparison will be revised as new information becomes available.

R. D. Zonge
Reliability

_ Reliability & Safety Analysi_ Section
Nuclear Rocket Operations

OLAS_dFICAflON cA'r[GO_'Y

UNCLASSIFIED 3" P,_ J"

, r
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TO: L.D. Johnson DATE: 9 October 1969
7850 :M0299

FROM: It. D. Zonge

SUBJECT: Reliability Evaluation of Three SSCV Concepts

COPIES TO: W.M. Bryan, J. F. Mason, J. H. Ramsthaler,
J. C. Toboni, E. J. West, Section 7850 Personnel

ENCLOSURE: (I) Fun:tional Descriptions and Sketches of Three
SSCV Concepts

(2) Procedure for Estimating Relative Reliabilities

(3) "One-Zero" Method of Design Selection

INTRODUCTION

This analysis was performed to establish Which of the three proposed SSCV
concepts was inherently most reliable and, therefore, should be developed
for eventual inclusion into the NERVA Program. Specific reliability
values were not determined.

The support structure coolant valve proportions a flow of approximately

21 lb/sec of LH2 between the stem coolant line and a by-pass. All three
valves have been designed so that flow to neither stems nor by-pass can be
shutoff. The critica 1_ mode of failure of this component is to provide an
hnpropcr proportion of coolant to the stems.

A functional description and a sketch of each concept are included as
Enclosure (1).

SIMMAR¥

Itelative reliability rankings of the three support structure coolant valve
design concepts were determined. The _ethods used were: 1) a summation of
the relative failure rates using the FMA's developed by Design Engineering,
and 2) a "one-zero" relative rating of the three concepts on 15 general
criteria. Both methods ranked the concepts in the following order of
rellabi I ity preference:

1. Ball Valve
2. Flod! Valve

3. Rotary Iladt Valve

I_COMME._DATIONS

1. Comparin£ the results of both ratings,It can be _een that the valves
are ranked in the sa,_ order by both analyses. It is recmmended that
both the ball at_d "Flodl" valves be considered for f,rther developeent.

*B •
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L. D. Johnson -2- 7850:HOZ99-

2. The "cyllnder-sphere" failure mechanism of _he ball valve could be

eliminated by omiLting the cylindrlca] sleeve welded into the ball.

Either a baZI with a straight through bore, or one partlally hollowed

out similar to the Apollo ball, could be used.

3. The dynamic seal at the by-pass outlet should be ellmlnated as it
serves no purpose.

4. The LH2 inlet on the "Flodi" valve could be cut off to permit removal
of the Inlet housing from the valve without removing the valve from
the engine assembly (refer to note in Table II).

ANALYSIS

Design Engineering generated FNAts for each concept and rated each failure
mechanism with the procedure of Enclosure (2). The failure mechanisms and
their corresponding ratings were reviewed by Rellabillty, and where necessary,
discussions were held with Design Engineering to produce a mutually agreeable
H4A for each valve concept. A tabulation of the failure mechanisms for each
concept and their relative "failure rate potentials" is given in Table I.

Fifteen design criteria were selected for comparison of the three valve
concepts, and the "one-zero" method of determining relative reliabilities
was applied in accordance with the procedure of Enclosure (3). Table II lists
the criteria and the resultant numerical ratings as agreed to by Design
Engineering and Reliabillty.

R. D. Zonge

Reliability
Reliability & Safety Analysis Section

Nuclear Rocket Operations

t ' _IFICATH}N CAT[6ORY I

CLAS I ZD {
_',,'_ _ " _t'iltll/// I

,_IFYIN_ 0PFtC[S OAT[ ] ..
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TABLE 1

FAILURE SU_L_RY

KOTARY
BLADE FLODI BALL
"Failure "Failure "Failure

':Mode" Rate" _te n Rate"

Inlet Housing Failure 2.20 2.15 -
Outlet Housing Failure 2.20 2.65 1.80
Leaks - Hsg to Us8 Joiu. 1.63 1.63 1.63
Leaks - Joint 2.50 4.10 4.40

Binding - Inlet Hsg Buckles 1.60 1.90 -

Binding - Outlet Hsg Buckles 1.60 2.10 1.95
Failure - Blade, Ball, Cone 1.70 2.10 2.40
Brg. Fall - Blade, Ball, Cone 1.80 I._0 1.73
Bearing Failure 2.05 - 1.80
Binding - Shaft Seal 2.80 2.80 -
Leaks - Shaft Seal 2.57 3.07 -

Bearing Retainer Failure 1.00 - 1.00
Fall Actuator Coupling 1.40 2.00 -
Fall Cover - - 1.95

Fail Center Bolt 1.15 - -
Fall Center Bolt Seal 5.20 - .-

Fall Actuator Bearing 1.55 - -
Fall Actuator Gear 2.05 - -

Fail Actuator Brg. Retainer 1.00 - -.
Fall Shaft Seal Retainer 1.00 - -

Fall Hsg. Actuator Joint - 1.20 -
Outlet Housing Deflection - 1.60 -

Inlet Housing Deflection - 1.60 -
Cone Deflection - 1.80 -

Cylinder - Sphere Failure - - 2.18
_ Binding Sphere - - 3.88

TOTALS: 37.00 32.40 24.72

Design Preference Third Second First
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TABLE II
,._ •

r _,,_

CONCEPT 1 2 3

i DESCRIPTION BLADE "FLODI" BALL

DESIGN

CRITERIA COMBINATION i 2 3 1 2 3 i 2 3 _

I. General Compexity 0 0 1 1 1 0

2. Fabrication Difficulties 1 1 0 1 0 0

3. Seals & Leak Paths 0 0 1 0 1 1

4. Contamination Sensitivity 0 0 1 0 i 1

5. Number of Moving Parts 0 0 1 0 1 1

6. Susceptibility to Rupture and/oz 0 0 1 0 I 1

Pressure Induced Binding

7. Susceptibility to Thermal Stress 0 0 1 0 I I

and/or Binding

8. Susceptibility to Wear 0 0 1 0 1 1

9. Torque Requirement 0 0 1 0 1 1

10. Tolerance Requirements 1 1 0 1 0 0

11. Failure Position - - - None

12. Improper Assembly 0 0 1 1 1 0

13. Ease of Maintenance 0 0 I* 0 I I *Clip
inlet t,

permi t
in plac_

14. Control Sensitivity 1 1 0 1 0 0

15. Vibration Sensitivity 0 0 1 0 1 1

TOTALS: 6 16 20

PREFERENCE Third Second First
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ENCLOSURE (I)
7850:H0299

CONCEPT #1 - ROTARYBLADE

A disc with various sizes and shapes of apertures is rotated between
J

two relatively flat circular housing halves. One half contains the LH2

inlet, which is positioned off center, and the other includes the coolant

and by-pass outlets with the coolant outlet positioned on the same center

line as the LH2 inlet.

Apportionment of flow is accomplished by rotating the disc to position

the appropriate apertures in front of the coolant and by-pass outlets. Two

spur gears are used to rotate the disc. Hechanical stops are provided to

limit dlsc rotation within desired extremes.

Most probable mode of failure is binding of the disc due to warpage or

distortion or freezing of the bearings. Failure of the valve with the disc

in any position well allow some coolant flow since the coolant outlet port

is never blocked.

1976068581-118



V

ENCLOSURE (1)

?.850:1"10299

4o#CZPTJ, 2 f,_Rr B___

• °

1976068581-119



mcLos (i) J i

7850 :M0299

CONCEPT #2 - FLODI VALVE

A conical member containing a number of various sizes and shapes of

apertures through the wall is rotated within a conical housing which

contains the LB2 inlet and the coolant and by-pass outlets. The LI{2

•nlet is in the housing cover with the coolant outlet located on the same

centerllne.

Apportionment of flow is accomplished by rotating the movable cone to

position the appropriate apertures in front of the coolant and by-pass

outlets. The small diameter of the cone is extended into a shaft through

which the rotation of the actuator is transmitted.

Most probable mode of failure is binding of the movable cone. Failure

of the valve with the movable cone in any position will allow some coolant

flow since the coolant outlet port is never blocked.
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ENCLOSURE (i)
7850 :M6299

CONCEPT #3 - BALL VALVE

A ball with a bore through it is rotated within a housing containing

the LH2 inlet and the coolant and by-pass outlets. The L_2 inlet and

coolant outlet are positioned on the same center line. i

Apportlolm_ent is accomplished by rotating the ba_l about an axis i

perpendicular to the bore and inlet and outlet cente Ines.

Most probable mode of failure is binding of the ball due to freezing

of the bearings during initial cooldown or deflection of shafts during

partially closed operations. Failure of the valve with the ball in any

position will allow coolant flow. The ball contains a circumferential groove

in a location such that Lll2 flows around the groove and into the coolant

outlet when the bore is positioned to direct.fvll flow to the by-pass outlet.

I ,
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ENCLOSURE (1)
7850:M0299

CoNccpr 3, B_LL VALV_

By-/_s5

l/vz_r O//TzEr
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ENCLOSURE (2) "
7850:M0299

}'ROCEDUkE FOR ESTDb\TINg RELATIVE REI.IABILITY

This is a mctho_ of establishing the relative reliability of each

proposed design concept of a mechanical component during the conceptual design

phase. It qualifies and combines the judgements of Design and Reliability

engineers into a single value so as to provide a reliability criterion for

design selection.

The method requires that a failure mode analysis be conducted on each

candidate design by a qualifled design engineer. In performing the analysis, the

engineer _akes into consideration all envlrom!ents and operating conditions

encountered during the llfe cycle of the component, and r_te_ each f_ilure _-_de

on its failure potcntlal in accordance with the table below. In the table, the

alpha character designates the success potentlal of the design in decreasing

magnitude from A through D, and the numerlcal designation indicates the degree

of discovery and control through inspection or test methods. The degree of

controllabillty is indicated by the nmaeric designato, which decreases iv magnitude

from 1 through 4. The individual potentials for failure are then combines into

a single rating.

The rating of a component obtained by this method is of value only in relation

to similar ratings of other design concepts for the same component where the

analysis has been carried to the same detall level. It is best for an individual

analyst to rate all concepts of a design to assess relative success or failure

potential.
"FAILURE RATE POTENTIAL" VALUES

CONTROL RATING

1 1 2 3 4

DESIGN A 1 2 3 4,.

RATING
B 2 4 6 8

C 3 6 9 12 i
I

D 4 8 12 16

Two or more analysts will generally rank the concepts in the same order, but will

not generally arrive at identical ratings for failure potential.

7

o
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,. ENCLOSURE (3)
7850:M0299

"ONE-ZERO" METHODOF ESTIF_TING RELATIVE RELIABILITY

This Is a method of comparing the relative merits of a number of similar

concepts in regard to a common characteristic. As an estimate of relative

reliability, it combines the Judgement of Design and Reliability Engineering

and results in a numerical comparison of relative rellablllties.

The method requires the selection of a number of criteria affecting the

reliabillty (or other characteristic to be compared) of the concepts involved.

All essentlal criteria should be included. Each candidate concept is then

compared with each other concept in respect to each crlt_rlon. Only two concepts

are co_pared in respect to one criterion at a time. The better concept is given

a one (1), and the _her a zero, regardless of the degree of superiority of

one over the other. In cases of an absolute tie, e.g., the criterion could be

"number of Joints that ceu!d leak externally", and the two concepts being

compared had the same number,siz, and type of Joints, each could _e given a

rating of 0.5. However, in a/most all cas_s a decision should be forced.

When each concept has been compared with each other concept in respect to

all criteria the total ratings will indicate the relative merits of the concepts.

The concept wlth the most "o_es" and therefore the highest rating being the

most desirable.

:!

I
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MEMORANDUM

TO: L.D. Johnson DATE;: 22 October ;96 <}
7850:M0311

FROM: J.E. Jensen

SUBJECT: Reliability Evaluation of Three Turbine Block
Valve (TBV) Concepts

COPIES TO: J.J. Beereboom, W. M. Bryan, D. Buden,
J. M. Klacking, B. Mandell, J. F. Mason,
J. H. Ramsthaler, E. A. Sheridan, J. C. Toboni,
E. J. West, 7850 Personnel
NTO: W. H. Bushnell

REFERENCES: (a) Butterfly TBV, P/N 1136745
{b) Gate TBV, P/N 1136827

(c) Poppet TBV, P/N 113668Z

ENCLOSURES: (1) Functional Descrip,'.iolL and Sketches of Three
TBV Concepts

(2) Procedure for Estimating Relative Reliabilities
(3) One-Zero Method of Design Selection

Introduction

A reliability analysis was made of three proposed TBV configurations.
They are schematically presented in Figures 1 through 3. The purpose of
this analysis was to make a reliability comparison to establish which of the
three TBV concepts was inherently most reliable and to provide input for the
turbine feed system trade studies. The evaluation was based on the blocking
ability of the valves only, since the actuation mechanism (pneumatic or
electrical) has not been clearly defined.

The TBV blocks flow to the turbine _nlet during pre-conditioning and
engine coo/down and is open during normal operation of startup, steady state
and shutdown. In addition, they provide for a rapid shutoff capability of the
turbine drive gases isolating the turbine of a failed TPA. Critical failure
modes of the component are: l) premature closing, Z) failure to close within
the required time, or 3) failure to open.

A functional description and a sketch of each concept are included as
Enclosure (1).

Summary

The relative reliability rankings of the three turbine block valve concepts i
were determined. The methods used were: 1_ a summation of the relative
failure rates using modified FMAs developed by Design Engineering, and
2) a "one-zero" relative rating of the three concepts on 14 general criteria.
The first method ranked the valves in the follo'_d.ng order: 1) poppet, 2) butterfly,
3) gate; and the "one-zero" method ranked the concepts as follows: I) butterfly,
2) poppet, and 3)gate. _.

5 /
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L. ;. J,_hnson - _ - _._Oclober 1969

71450:M0_II

Rt'_' on_l_c.ndAtiolts

I. Comparin_ the results of both reliability ratings revealed, the two
most preferable .;oncepts were the pcp,_ _ and butterfly. It is therefore
r,..-oI_Ime_de_i that both the poppet and butterfly concel_IS be co_idered l'or
urtner development.

L. The poppet valve should be desillned with a snuboin| devlce to slow
th,..r_ppet travel just before making contact with the seat.

At_a._ystt_

Design Engineering generated FMAs for each turbine block vMve co_el_l
a_d rated each failure mechanism in accordance with the proced..re of Enclo-

s,Lre {;_). Howceer, the FMAs _._.re generated for poeumatically act_ted valves
at_d those temperature-pressure characteristics r_quired by the NERVA Hot
Bleed Engine system. NRO has s;.,_ce been directed to desi|n all valves with an
electrical actuation mechanism. In addition, the NERVA Full _'low Engine

concept was selected _or development which significantly decreases the" tempera-
tLzre of the turbine drive gas but ._Iso requires significant increase in pressure.
It was therefore necessary to modify the F_As per the new criteria. A tltbula-

t_on of the like piece parts and their relative "failure rate potentials" is |iven
in Table I.

The "one-_ero" method of determining the relative reliab_lities were
applied to 14 design criteria in accordance with the procedure of Enclosure {3}.
Table II lists the design criteria and the relative ratings.

J o E, Jensen

Reliability
Reliability & Safety A_ysis Section

Nuclear Rocket Operations

iUNC'--SS FtZDI
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Table II
7850:M0311

TABLE II

ONE-ZERO RELATIVE RELIABILITY

Concept 1 2 3
E

I_'sign Descr. iption Bs,-terfly Poppet Gat.____e
Criteria Combination lvs2 lvs3_2vsl 2vs33vsl 3vs2.

i. General Complexity 0 0 1 0 1 1

_. Fabrication Difficulties 1 1 O 1 0 0

_. External Leakage 0 1 1 .5 0 .5

4. lnt¢rnal Leakage ' . 5 1 .5 .5 0 .5

_. Number Moving Parts i 0 0 1 .5 1 .5

(_. Susceptibility to Rupture
andio.* Pressure Induced
Binding 1 1 0 l 0 0

7. Susceptibility to Wear 1 1 0 0 0 1

_. Torque Requirement l 1 0 1 0 0

9. Tolerance R_.quirements l 1 0 1 0 0
!

1O. Failure Position .5 1 i" 5 1 0 0
I

II. Improper Assembly 0 0 1 .5 1 .5

12. Ease of Maintenance 0 0 1 0 1 1

13. Contaxnination Sensitivity l 1 0 .5 0 .5

14. Vibration Sensitivity 0 0 1 1 1 0

i
I '

Total l I6 15.5 10.5

I

s. .
m

"J i
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• EncLosure (1)
7850:M0311

CONCEPT #I - BUTTERFLY
ii

A butterfly disk rotated and supForted on a one-piece shaft with

a pinion gear located on the upper end. The shaft is tilted off perpendicular

from flow approximately 15 degrees and pareses completely through the

flow passage. The _ haft and bu_erfly is supported by two radial and one

thrust bearing.

The valve is designed to pro;-_de binary flow control of the turbine

drive gases and requires a rapid closing response.

The main seal (metal-to-metal) is provided by piston rings inserted

into the butterf)y disk contacting the interior surface of the bore.
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Enclosure (1)
7_50:M0311

CONCEPT _2 POPPET

A hl_ear motlon poppet provides binary control of the turbine

drive gases. The poppet and actuation mechanisn_ _s located in one leg

of a "T" shaped housing• The poppet in the closed position blocks the

outlet of the "L" shaped flow path. Simplicity is one of the virtues of

this design as It Is made up o / only six major parts.

The main seal is provided by metal-to-metal contact of poppet

seating aEainst upstream edge of the housing outlet.
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Enclosure (I)• J

(o_e_'p'r2-,Yopp'._ ,_o.,v,o,,,
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Enclosure (1)
7850:M0311

CONCEPT #3 - GATE

A circular wedge shaped gate attached by a monoball and pin

to a hnear motion shaft. The disk has a sliding guide on each side to

provide the proper positioning of the gate during actuation and seating.

The ,Air, seal is provided by sliding the gate perpendicular to

the flow int_ a wedge shaped slot in the hotising bore. Ti,is is a metal-
to-metal seal.

°
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7850:M0311
]'i_OCF:_UYJ' IO., ESTIMATLNG RELATIVE RELIABILITY

ThJ.,, is n me.the_ of establishing the relative le!iabilJ_ty of each

Fcop_.sed deslgn concept of a mechanical cor_ponen_ daring the concepLual design

pl,.l:,_'• It quallf_:.q and cumbiu_._ _I,_j_d_m_,ats of De._Ignand Rc31abilILy

c,..ia,,e1:_,Ju[o _ siugl,: v._lu¢so as to provide n re!iab-,]itv.... criterion for

dc_tLn ,;c_cctjon,

Tim ,notho_ rcqtd're._that _ fall.re mode an_lysJs be co__,.luct:edo_, each

-" c¢,ndidate design by a qua)l fled design ez:gineer. In perfer_ting the analysis, the,

e_gJn,:c_ takes in'r,:onsiderationall envlrr;,mertsand operating conditions

encountc.,'od durlr£ the llfe cycle of the component, and rates each fa._.l,_e :node

ou its fail,we potential in accordance with the table below• In the ttbl¢, the

•llpha character d::,:;_gaatcs the ._.uccc.:¢s potential of the des-;gn in de_'ea_ing

•- magnit.d__ from A thr_,t_gl,D, and the nu_,,,rlca!designation i_,dicates the degree

_,fd.[::c_,veryand corlrol thro.gb in':-pcctio_ or te,;tmet.h-d_. The degree of

coatr.,]].abili_y J:; ;,_d.[_:at_.dby the u_merie desJgnat,_r wi,_ci_decreases in w.ag_._tud,.

f,'-;nI thro,_gb /, Tl:eindividunl potentials !or failure are then _.v..........dint,_

a s_ng]o ra_J.ng.

• . The rating of a compon_n_ ubtained by this method is of value ca_y in r_:lat'ic'_ ]
Io similar ratings ¢,fother design coacepts for the same comp_nan_ where tl,e

"_ _n:_lysJs has been cnrried to the same detail level It is best for an in_l_vidv,-_ !

a.,dy._.t to rate a]] zoneepto of a desSgP, to assess zelctive sueee.-.s or f_iiu.e

potential.
"F.'_]]UNE I_ATE POTENTIAl," VAI.UES

CONTROl, RATIN:;

' I I

RATIEG B 2 4 _,_.6__.8

I
|

.. c ..__:L._6

_. Two or more analysts w_]] generally rank the concepts Jn the same order, bur will

_m|.g_,u_'rallyarriw, at ldentic',_lzati:_g:_for failure potential.

#
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• Enclosure (Z)
7850:M0311

"Oi_E-ZERO" MEIIiOD O£ ESTIF_ATING RELATIVE RELIABILITY

11_Is is a me_hod of comparing, the relative merits of a number of slmilar

,-oncepts id regard to a common characteristic. As an cst/_ate of relative

reliability, it co_bine._ the Judgement of Design and ReliabiIity Engineering

a_td _'esul_s _n a n_rlcal comparison of relative reliablltties.

The method requires the seine,lop of a number of criteria affect._n$ the

reliability (or other characteristic to be compared) of the concepts involved.

All essential criteria sltould be included. Each candidate concet't is then

compared _.-i_h each other concept in res,,ect to each criterion. Only t_o cor:cepts

are compared in respect to one criterion at a time. Ti_e better _onc._pt is given

ono (i), nnd t;,¢: other a zero, reu.ar_less of tl_e degree of su,_erior_ty of

o.,e over Lh, other. In cases of an absolute tie, e.g., the criterion could be

le $

ntrm_,--r O! Joint.-_ :z4._t ¢-oui¢_ leak externally a, alto; the t_'o concepts being

t-t_,i,_rt.t] h.h" I|,t. b,m_. tlum_,,_z,s;z, and type of joi.'l_S, each eo,tl(I bo g_vei, a

r..ting of O. _,. }iowev,.r, in _lmost _]! cases a dcr-_sion _.:_']'_ be for_ccl.

k_wn cach concept it_ b_en cow,pared _ith each oth-_r concept i-_ r_pecr to

aII CtiL_Z;., "_he total r_.tin£s will indicate the rcln_ive _,erits of the eonce?_s.

Th,- concel' v.lth th-- _,:_, "ones" ._zd therefore th_ hiEh:-st r-_l;ing be£ng the

t._ost oe._ir._ble.

i
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MEMORANDUM

TO: L.D. Johnson DATE: Z3 October 1969
7850:M031Z

FROM: R.D. Zonge

SUBJECT: Reliability Evaluation of Three PSOV Concepts

COPIES TO: J.J. Beereboom, W. M. Bryan, D. Baden, 3. F. Mason,
B. MandeU, J. M. Klacking, F. R. Pecoraro,
J. H. Rm_stl_ler, E. A. SheridAn, J. H. Rmmsthader
NTO=- IV. H. BashneU

ENCLOSURES: (I) Functional Descriptions and Sketches of Three
PSOV Concepts

(Z) Procedure for EstimaXiag Relative Reliabilities
(3) '_0ne-Zero" Method of Design Selection

Introduction

This analysis was performed to establish which of the three proposed ,_
PSOV concepts was inherently more reliable and therefore should be developed _:
for eventual inclusion into the NERVA program. Specific reliability values
we re not determined.

The propellant shutoff is an on-off valve with a11owable opening and
closing times of three seconds. It is opened to _llow flow of liquid hydrogen
propellant to the TPA dur;ng the engine firing sequence (from prestart through
pump tailoff) and closed at _L1 other times to prevent loss of LH 2 from the
main propellant tank. Critical modes of faUure are: failure to open on com-
mand, inadvertent closing, and excess internal leakage.

A functional description and sketch of each concept is included as
Enclosure (I). It is realized that the concepts reviewed were Imeumatically
actuated, and that the actuating mechanism will be changed to electrically
powered systems. This change is expected to have very little, if any, effect
on the reliability of the ba_ and flapper concepts. The relative reliabdity of
the poppet, however, is expected to decrease because of the increased com-
plexity of the electrical actuating mechanism.

ummar_

Relative reliab/hty rankings of the three propellant shutoff valve concepts
were determined. The methods used were a summation of the relative failure
rates using the FMAs developed by Design Engineering, and a "one-zero"
relative rating, Enclosure (3), of the three concepts on 15 general criteria.
Tables I and II present the results of these methods. Both methods ranked the
poppet as the concept with the highest relative reliability.

t

......................................................................................................I I
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L. D. Johnson - 2 - Z3 October 1969
7850:M0312

Recommendations
J

1. From the results of both rating methods, it can be seen th_ the
poppet concept has the highest relative reliability rating. The relative raaldq
of the other two concepts, however, differed in the two methods. 1_ is recom-
mended that all concepts be included in a redesign for electrical actua_douB
particularly since the electrical system is expected to adversely atfect the
reliability of the poppet concept.

Z. It is stroegly recommended that one engineer do the failure mode
analyses for all concepts of one valve design. In this case, one engineer did
the FMAs for the poppet and ball concepts, and another the flapper. A compari-
son of the ant/clpated failure rates of the three concepts (Table I) shows
consistently hi_her rates for the flapper concept than the other two. This
difference in evaluation is to be expected from person to person, and i8 the
reason for the above recommendations.

3. If possible, a mea_8 of seLf-centering of the flapper on its seat
should be incorporated into th_ concept.

4. In view of the presently proposed long coast periods, the considera-
tion of plastic seats is recommended.

Analysis

Design Engineering generated _ for each concept and rated each
failure mechanism with am alpha numerical code in accordance with the
procedure of Enclosure (2). All failure modes pertaining to the method of
actuation were disregarded because of the forthcoming change to electrical
actuation. A/so, no attempt was made to coordinate the FMAs and ratings
between Reliability and Design Engineering because new FM.&s will be generated
for the electrically actuated concepts, and it is hoped that one design engineer
will generate the FMAs for all concepts. Under the above conditions, the
ranking of the poppet concept as having the highest relative reliability of the
three concepts is v_lid, but the relative ranking of the flapper and baJ/concepts

iis questionable.

Fifteen design criteria were selected for comparison of the three valve !
I

concepts, and the "one-zero" method of determining relative reliability was i
applied in accordance with Enclosure (3). Table II lists the criteria and the
resultant numerical ratings as agreed to by Design and Reliability.

[ _e_,cMn_ cm_ J R.D. Zonge

Reliability

Reliability & Safety Analysis Set,ton
Nuclear Rocket Operations ..

_

""......... _ .... _............. I[11-" I "'_II .......
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Table I
7850:M0312

TABLE I

FAILURE MODE SUM_RY

FAILURE MODE FAILURE RATES

Poppet Ball Flapper

Housing Failure 2.55 3.20 6. 358

Bearing Failure 3.80 4.107

Poppet Failure 2.55

Upper Flange _ailure 2.20

Lower Flange Failure 2.35

Spring Failure 2.80

FLapper Failure 5.193

Shaft Failure 4.105

Retainer Failure 2. I0

Key Failure 3. 055

Main Shaft Seal Failure 1.90

Inlet Flange Failure 2.80

Main Seal Failure 2.25

Ball Failure I. 90

Flange Plate Failure (2) 3.90

TOTALS 12.45 17 . 85 26. 908

r p|_ 't_qrM " FYT w=
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T_ble II
7850: M031Z

TABLE I1

Concept No. 1 2 3
Description Poppet Ball Flapper

1 l Z 2 3 3
DESIGN CRITERIA Combination vs vs vs vs vs vs

2 3 1 3 l 2

1. General Complexity 1 1 0 0 0 1

Z. Number of Moving Parts I 1 0 l 0 0

3. Fabrication Problems I t 0 0 0 1

4. Torque Requirements 0 l I 1 0 0

5. Tolerance Requirements I 1 0 0 0

6. Improper AssembIy 1 1 0 1 0 0

7. Susceptibility to Wear 1 I 0 0 0 1

8. Ease of M&inten_nce 0 0 I 0 I I

9. Vibration Sensitivity I 1 0 0 0 1

10. Contamination Sensitivity 1 1 0 1 0 0

II. External Leakage l 1 0 0 0 I

IZ. Internal Leakage 1 I 0 1 0 0

13. SusceptibiIity to Rupture
and/or Buckling I 1 0 0 0 l

14. Susceptibility to Thermal
Stress I 1 0 0 0 1

15. SusceptibiIity to Binding 0 0 I I 1 0

16. Ability to Seal Against Reverbe
Flow at TPA Discharge Pressure
(None presently designed for this
occurrence) 0 0 l 1 1 0
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Enclosure (1)
78S0:M0312
P&se 1

CONCEPT #l - POPPET VALVE
L • n, i ,, , i

A simple poppet design similar to a check valve in reverse.

It open against tank pressure and closes with it. The most probable

mode of £atlure, based on past experience with the XE engine, is

internal leakage.

_ JiB

p, m_

1976068581-142



Enclosure (1)
7850:M0312
Page 2
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Enclosure {I)
7850:M0317.,
Page 3

CONCEPT #2 - BALL VALVE

The 'q_//" in this valve is a spherical sequent which closes one end

of a cylinder. The cylinder is supported and rotated about trunions mounted

perpendicular to the cylindrical section axis. Also perpendicular to the

axis of the cylinder and the trunions, two holes through the cylinder walls

provide the propellant passage when the valve is opened. Sealing in the

closed position is accomplished through contact between the spherical seg-

ment and a circular flexible seal. The surfaces of the seal and 'q_all" are

in rubbing contact ,.iuring opening and closing.

The most probable mode of failure is expected to be internal leakage.

i
i
!

I.

%. . _

i l,.i .................
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Enc_Iosure:(1)
7850:M0312
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Enclosure (1)
7850:M031Z

Page 5

t

CONCEPT #3-FLAPPER VALVE

Sealing in this valve is accomplished by a roughly round

disc ("flapper") against a mating seat. The valve is opened by

rotating the disc 90 ° around a shaft attached to one side. The

valve opens against tank pressure and closes with it. The most

probable mode of failure is expected to be internal leakage.
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Enclosure (1)
7_50:._I0312
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MEMORANDUM

TO: P.P. Ventura DATE: 30 October 1969
7850:M0318

FROM: W.M. Bryan

SUBJECT: Reliability Review of Hot Bleed Engine Trade Studies

COPIES TO: J.J. Beereboom, D. Buden, D.S. Duncan, R.V. Evleth,

R.B. Glasscock, L.D. Johnson, J.M. K1acking,
B. Mande11, I.L. Odgers, J.H. Ramsthaler, E.A. Sheridan,
E.J. West, 7850 Personnel
NTO: W. H. Bushnell

REFERENCES: (a) Memo 7010:12-4,dtd i0-16-69, P. P. Ventura to

Distribution, Subject: Transmittal of Data Items
S-054-009 and -005

(b) Trade Study Report - Structural Support Coolant
Subsystem (SSCSS), dtd Sept. 69, Data Item S-054-007

(c) Memo, 7010:127, dtd I0-20-69, P. P. Ventura to
Distribution, Subject: Transmittal of Daza Item
S-054-01Z

The referenced trade studies have been reviewed by Reliability and the

following comments are submitted per your request:

a. Throttling Startup and Shutdown, Reference (a): Reliability assump-

tions are adequate for this study.

b. Structural Support Coolant, Reference (b): Section V.D., paragraph
three, should be revised as follows:

"Concern for the single failure mode led to an investigation of SSCV
reliabilitybased on estimated valve and actuator failure rates. Results of the

study indica-ed that unless the SSCV can be made an order of magnitude more

reliable than is now estimated, a single SSC%" actuator would have a 10 cycle
mission reliabilityof 0.9985, a single SCV _th redundant actuators would have

a reliabilityof 0.99925, and any of three redundant SSCV actuator assembly

systems would have a reliabilityof 0.99997. The absolute accuracy of these
reliabilityestimates may be questioned, but it is obvious that to achieve the

NERVA engine mission reliabilitygoal of 0.995 a redundant SSCV system is
required. It is therefore recommended that a redundant SSCV system be used.

],UCL  SFIZD I w.M. Bryan, Supervisor ._, ///

1_ {_ ReliabilityReliability & Safety Analysis Section
Nuclear Rocket Operations
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MEMORANDUM

TO: P.P. Ve_tura DATE: 31 October 1969

7850:M0321
£,OM: J. II.Ramsthaler

_t;BJEC'f: Safety and Reliability Analysis Review of

Trade Study S-054-012

COPIES TO: d.J. Beereboom, W. E. Campbell, B. Mendel1,

J. M. Klacking, C. F. Leyse, D. F. Vanica,

Section 7850 Personnel

REFERENCE: (a) Memo 7010:127= P. P. Ventura to Distribution,

Subject: Final _RO Review of Propellant
Feed System Data Item S-054-012, dated
20 October 1969

(b) Memo 7850:MO105, D. S. Puncan to Distribution,

Subject: Safety Requi,ements Applicable to

Current Design and Trade Studies, 25 March 1969

A preliminary review has been made of trade study S-054-012 per your request
in Reference (a). The following suzmarlzes the review:

A. RELIABILITY

The reliability analyses appear very good. However, because of the

i limited time available for review of this detailed study it is not
possible to concur or disagree with the conclusions.

To obtain effective Reliability input into studies such as this, the

review _,ust be initiated prior to the time the report is in final print.

The normal progression should be to initiate the reliability review
of concepts as they are undergoing engineering analysis. Documentation

can be provided to the trade study engineer to be used similar to other
engineering input. The final Reliability review can then be accomplished

quickly with tileinitial studies having already been accomplished.

B. SAFETY

The safety analyses in this report are not satisfactory. The studies

consider crew safety, but do not analyze safe disposal of the engine

an equally important item. Crew safety is assessed numerically by
assuming the crew is safe if no failures occur or if only one leg of a

redundant system fails.

Parametric studies are conducted on the case of one failure in a redundant

leg assuming the engine must complete the burn in process and .m alternate

recovery mode is available at the completion of the burn. The burn at

which the alternate recovery can be effected is incremented from 0 to i0

using the syntl,etic reliability mission to determine changes in crew safety

prohabi] Jty.

None of the above assumptions are va}Id for crew safety analysis. Any

|



!

"_ i P' p' Vent_tra -2- ' -. o .J:_ J.,.,. ,

failure or combination of failures which abort a mission durlng a

burn do not necessarily cause an unsafe crew condition. If the

failures do not directly harm the crew or damage the spacecraft

the crew may be seFaratcd from the failed engine and safely returned

depending on mission location at the time of failure. It is, there-

fore, necessary to conduct safety studies ,_ing defined missions.

There is no ground rule that an automatic abort is initiated with the

failure of one component in a redundant system. Again this depends on

position and if an abort were deemed advisable the engine would be
returned to the emergency mission for completion of the burn for crew
recovery.

The subject report did not address itself to changes in the number of
single failure modes in the various con:igurations. These are very

important in safety analysis since safety takes the position that while

probabilistic reliability analysis is a good decision making tool the

failure rates are not absolute. If a system is redundant there is time
to take corrective action for safety. There is no corrective action
time for a slng]e point failure and these must be itemized in detail

and the number of these compared between the various candidates.

A more detailed discussion of safety as it applies _o engine design
and the trade study activities is presented in Reference (b).

RECOMMF_DATIONS

Because of the aforementioned problems with the safety write-up, it is

recommended that all references to safety be removed from this trade study.

It does not appear worthwhile to spend the additional time to prepare a new

safety analysis, and it is recommended the report be issued as a non-management

approved study. It is not felt management approval should be given to this
trade study without a thorough safety analysis.

j_r_ [_ _ '• . t _a , anager
Reliability & Safety Analysis Section

Nuclear Rocket Operations
APPROVED :

_eereboom, Manager
ms Department

ar Rocket Operations

qt
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MEMOKAN D U M _.

"iO: R.A. Henderson DATE: 7 Novec_IL,:r1969
7850:M0328

FRO.X: C.T. Lang

SI:I_3ECT: Reliabi!ity InpL,t to Trade Study #1001

COPIkS "tO: J.J. l_eereboom, W. M. Bryan, B. NIandell,

: 3. H. Ramsthaler, S. A, Varge., Section 7850

REFI-;RENCF_S: (a} Me,no 7850"M02i3, dtd 7-24-69, R. E. Lavond to
R. A. Henderso,:, Subject: Acceptance Test
Rcliabil'." : Assessment

(b} Memo 7810:1776M, did 9-3-69, R. A. Henderson
to S. A. Varga, Subject: Acceptance Test Trade
Study #1001, Status of

(c) Memo 9670:TSI04R, ¢'td 19-15-65, A. J. Mihanovich
to R. F. O'Neil, Subject: Titan IIIB, Contract
AF 04[695)-7_0, Evaluation of a V. F. Project to
Determine the Effect on System Reliability of
Decreasing Engine Acceptance Testing

(d} Report #9947-IR-TE-37, dtd 7-22-65, Subject:
Titan _.I Engi;:e Reliability Risk Versus Test
Duration, Contract AF 04(607)-9947

ENCLOSURE: (1} Preliminary Summary of NERVA Full Flow Engine
Component Failure Modes and Methods of Detectio_

I,: response to Reference {b_, additional Reliability input to Trade Study
#1001 is provided. A review of accepts:nee test criteria was conducted on the
man-rated Apollo Service Propulsion System (SPS} engine. Components (valves,
injecto.-, chamber and actuators} of this engine underwent individual development,
qualification and acceptance testing. The injector, for example, (after develop-

ment a_d qualification tests} is hot-fired on a ,vorkhorqe ablative thrust chamber
(_300 seconds} as a test to determine if the pattern causes any chamber streaking.
It is subsequently hot-fired on an uncoolcd steel chamber (_5 tests of 5 seconds _ '

e0ch) todctermine its performance (Isp}. The injector is then put on an engine
which is hot-fired as an engine acceptance test. This engine, however, has a
workhorse thrust chamber and bipropcllant valve. After the engine accepta_:ce

J

test, the e_zg:.ne is disassembled, decontaminated and reassembled, using a new
(never fired on aa engiPe) ti:rust chamber and bipropellant valve. During this
reasscmbly process, rigorous inspcct;onand QC coverage is provided. The
deliverable engine is also leak and functionally checked before customer accep-
tant,.. The first h_=t-firing test of the tF,ruat chamber and bipropellant valve will
be during ._ubsequent flight. Due to the design of the SPS engine, a full duration
hot-firing acceptance test on the complc-te deliverable engine could considerably
d_-grad,: the system relia_,lity.

i
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Ti-," Tlta:x f,uuil_" of engines (Titau lit IIl, and Gemini), rat-. full duratio:_
hot-fi:'l,_z accep:...uce te_ts ut,tll it was _hown, References (c) and (_), that some

hot--ftr_ttg ._cccpt.:ttc,. t,:sts could be eliminated or truncated without er_d&ngermg
rci_aLdtty. This at_plit,d to both the component and complete engine level.

A prt'iiminary Failure Mode Analysis (FMA} was conducted on the NERVA
Engine non-nuclear system to determi,e what failures could occur and also how
they could be detected. Enrlo.surc (1} summarizes the results. A total of 34
failure modes wa__ atxalyzed with the rest:lts that all but or.r of the failure modes
could be detected on the compor.ent acceptance test level or by functional, leak
attd eotttittuity checks o, the or,replete t:ngi_te level. Based upo:t previous eng..to
progr_tms, the nuclear engine design concept and the results of the FMAs cott-
dueted to d_tte, this analysis i_tdicates that from a reliability standpoint for the ""
non-nuclt-ar subsystem, hot-firing acceptance testing of the complete system is
unnecessnry attd probably undesirable. Therefore maximum effort should be

placed on component and subsystem testing arid verification attd perform & mini-
nlutli nunibt.r of _ctivitie_ _tt the engine assembly level. Reliability recommends,
aS per Ref_-rettcc (_}, thud l_.rforntance of continuity, functional, and leak checks *
as a total ¢'ugih._ _Lcceptonce test procedure. If power tests are essential for
l_rforn_at_ce dt.'tern'littalion, then Reliahil_.ty prefers the first ranked plan below
in addition to the f,tnctioual, continuity and leak checks.

Rank Description :

1. Conduct low-power cold flow to pressure loop closure. Poison ..
wire reinse, tion not required. !

i
Z. Conduct powered cold flew test to loop closure. Poison wire

reinsertion not required.

3. Conduct low-power cold flow to pressure loop clozure only.
Remove nozzle to reinsert poison wires for shipment.

4. Conduct powered cold flow tests to a !evel where temperature
and pressure loops are closed. Remove nozzle to reinsert
poison _res for shipment.

t

As the NERVA Engine design becomes more and more definitive, add'tion_l
reliability input will be presented. The finalized engine will be analyzed on a
componettt-by-component basis. This detailed component FMA could be used to
determine the effect of acceptance testing upon reliability.

Currently in process of preparatio,x for the full flow NERVA Engine are
detailed Failur,. Mr,d--Eff.-cts and Criticality Analyses (FMECA). This analysis
may reveal addit:onal modes which arc not detectable by means of functional type
testing onl_. It is planned to request a shnilar analysis from WANL. The

schedule for this task will be dlscusscd in a coordination meeting planned for

13 November !969. [

Reliabilityl

c_._s_d-_.ii_t_ o_I_"I Reliability & Safety Analysis Section
J Nuclear Rocket Operations

.............. _.-_..,__. .... ---i ..............-. ,7_#V_._r_ .,. __.
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PRELIMINARY SUMM.AJIY OF

NERVA FULL FLOW ENGINE COMPONENT FAILURE MODES

AND METIIODS OF DETECTION

i
I
I

Type of Test

Component Mode of Failure Required to Detect
[

"A. VALVES l
i

PSOV, 4_D_.V, BBV_ 1. Failure to open Functional :
.DCV, '_N\'_ TP.V, 7. Failure to close Functional

.-SSCV,_S_B_'_ CSKV, 3. Fail it, place Functional :
4_$GV a,id Tfl)KV 4. Premature opening Functional

/_V_4 5. Premature closing Functional
7' 6. Slow closing Functional

7. Fast opening Functional I
8. Fast closing Functional :

9. Slow opening Functional I
10. Fail in position Functional i
11. Internal leak Leak check |

IZ. External leak Leak check

13. Reverse leakage Leak check I

14. Excessive pressure drop Flow check i
I

B. lANES I

4W91, a qPtL, :F_IL, . 1. External leak Leak check [
-_DL,-(3SL, SSCL, _ 2. Excessive resistance Flow check ]

_SCB 9 __'._1- .... or pressure drop I+ i
!

C. TPA ;.

t I. Improper performance TPA acceptance ,
test _.

2. Fail to start Engine acceptance :
test

I

t

D. NOZZLE ASS'Y & !
SKIRT EXTENSION I

t
1. External coolant leak Leak check |

-2. External hot gas leak Leak check :
3. Internal coolant leak Leak check i

_.. 4. Excessive pressure drop Flow check i

IL. PRESSURE VESSEL i ..
!

& C LOSURE

1. External coolant leak Leak check

2. Coolant leakage to hot gas Leak check : ""

I

,+,,. _ _ _ _-mm_.. _ ............. "_--_11 ..... IT _ ........... | 1 " _lill - - _

1
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PREI,IMINAR.Y SUMMARY OF

NF:RVA FULL ]='LOW ENGINE COMPONENT FAILURE MODES
|

%

AND METHODS OF DETECTION {cont.)

Type of Teat

Comlx_tlent Mode of Failure Required to Detect

F. I)I-:STRUCT SYS'I'I':M

1. Fail to activate Continuity Check

(3. INSTRUMENTATION

& CONTROLS

I. Open circuit Continuity check .
2. Short circuit Insulation and

resistance
3. Loss of resistance Dielectric test '

11. GIMBAL ASS'Y

1. Excessive torque Torque check :
2. Fail to attain gimbal Functional check

angle

I. ACTUATORS

Valves. Gimbal and I. Fail to r,-spond to Functional
Control Drums input command

2. Slow response Functional
3. Fast response Functio,aI .
4. Improper response Functional i

....J / I/1" ,I"

__ ° °

r_,-,r er_ l'_,_,,_, q _xl._t_t_._ " __'_ ...........I_ _IJi'Pli_'TIL_--'_ ........-'_
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MEMORANDUM

TO: P.P. Ventura DATE: 18 December 1969
7850:M0378

_'ROM: E.B. Cleveland

SUBJECT: Reliability Review of Trade Study S-054-00b, Diluent and
Bolt Coolant Flow for NERVA Hot-Bleed Engine

COPIES TO: W.M. Bryan, D. Buden, A. D. Coruell, D. S. Duncan,
W. E. Durkee, R. B. Glasscock, B. Mandell,
J. tl. Raxnsthaler, E. A. Sheridan, W. E. Stephens,
E. ]. West, Section 7850 Personnel
NTO: W. H. Bushnell

REFERENCE: (a) Memo 7010:173,R. V. Evleth to Distribution, dated
1 Dec. bg, Subject: Review of Diluent and Bolt
Coolant Flows, Data Item S-054-006

The selbject trade study report, dated 1 December 1969, was reviewed as
req'tested by Reference (a) with respect to the reliability conclusion and found
to be in agreement with the supporting reliability analysis. A clerical error does
appear in page 5, line 10. It should read: "...in Concept "A" than in Concept "C"
... "; the A and C having been interchanged.

E. B. Cleveland

Reliability
Rcliability& Safety Analysis Scction
Nuclear Rocket Operations

CI._SI FICAT-IONCATCCORV q

UN(_LASSIFIED |

"1"

_... ,
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MEMORANDUM

To: W. }_. Stephen,_ Date: 19 December 1969
7850:0393M

l._ronl: 3. If. ](amsthaler

Subject: Sysi('m ],(:v,:l Vail,lr(" Mod,:, Effects, and Criticality Analy: is
(FMI_CA)

C¢,pi,'s '1'o: D. }ludt,,, A. D. Gorn,-ll, W. _2. Dur|-(.e, R. B. Glasscoc];,
C. K. Lcep¢:r, .13. Mandell, l. L. Odgers, E. A. Sheridan. File

R(.fec(:n,:c: {&) Memo J. H. Ramsthal¢;r to C. K. Leep(.r dtd l0 December 1969,
subj: "Gol,_pouuul F_tilur¢: Mode -ili_lysis"

l'h,c]o.-.t:rt : (l) F_tilure Mode Effects and Criticality Analysis
(Afldrc :_::l-_"

Only)

h, itccord;',nce wilh Reference {a), Enclosure (I) presenls the iuit'r.! .... : "
of the sv'.;te,n level ]"M}0CAs for the NF.RVA rJt-reuce (.:_glt.e t,exc]",-:-.." the• ....... O 4

l_-,.(" ;_._:-.l ..Nu-'t(:ztr Sub:;y_;tems). In 3a_alay areas, the engit_e or subsy'-'_L-l:: i
• 1312._.A_ alit£ _.._.. J.t'ff¢-c! of a gi_,t'_t failure n:ode is presently UnlznO:;'n. Goml)utcr _,r .... :-.

rtms on the NE'I'AP or TAF programs will be m_.de in some ce.ses to
dett.rMine thcst: _-ffecis. In addition, assist,_.ncc is requcsted fro:u your |
:;(.clioll to work wit|', the reliability anztlysts il_ upgr;-ding lh:_s analys.s. _

4

b3. #Z "._J. If. -r, Manager
Reliability and Safety Analysis Section
NRO Systems Department

"_t'_f I_110I; f,ATtl;O_y 1

, UNCLASSII.'IED ! i
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STATUS REPORT PREPARED FOR

AEC-NASA SPACE NUCLEAR PROPULSION OFFICE

4. O RELIABILITY METHODS

l

t
4.0

................................ '.';di_ "_'_........................... ,..................... llll1. ......._,,ll''_' "" '

'_W._ ' _',._ ,,_.-iiili,Jl'LI ,._, " I"""r'" '_:"' " - I,,,
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MEMORANDUM

To : W.M. Bryan Date: 24 November 1969
7850:M0_2

From: A.J. Mihanovlch

Subject: Status - R-106 Efforts

Copies To: J. W. Brier, J. S. Goddard, J. B. Ransthaler, E. J. West, File

Reference: (a) A_C Report, W. A. Coleal to R. J. Squires dtd 22 November 1966,
subJ : "NERVA Reliability Study"

Enclosure: (I) General Couments - R-106

(2) Proposed Approach
(3) Considerations Related to Test Program Plannlng

The purpose of this memorandum is to briefly review the activities performed to
date with reference to the development of Data Item R-106, Reliability Test and
Evaluation Plan, list some potential problems, and to suggest possible approaches
toward completing this data item.

A treatise on general reliablllty evaluation was presented in Reference (a). In
addition, some general approaches were suggested for some of the components. .As
such, Reference (a) provides valuable background toward the problems of reliability
assessment as applied to the NERVA development program, including some insight to
the types of tests normally conducted on components during development programs.

Based on a review of Reference (a) and the requirements of R-106, Enclosure (1)
has been prepared. This enclosure briefly summarizes some of the general comments
pertinent to R-106 that are apparent at this t/me. It is clearly Incumplete at
thls ti._., since the numbers of assumptions required, and problems identified, will
increase as more efforts are expended on the R-106 task.

In Enclosure (2) is presented a brief outline of the type of approach which should
be considered to complete the R-106 data item. The _asks presented in Enclosure (2)
are sketchy at thls point, may omlt some Important steps, and may be chronologlcally
out of proper sequence; hovever, it is hoped that they would serve to stimulate
comments and discussion on means for accomplishing this task.

Omitted from Enclosure (2) are the efforts required to improve the technical method-
ology of reliability assessment and the efforts required to resolve some of the
technical problems presented in Enclosure (1). It is understood that these methods
improvement efforts should be undertaken concurrently with the tasks presented in
Enclosure (2).

Enclosure (3) contains a philosophical discussion of the overall reliability
assessment problem, as prepared by J. W. Brewer,

\

A. J. Hihanovlch 4
UNC, LASSIFIED__ Reliability |

_I.1_ _. _._ Reliability _ _afety Analysis Section
!

C{A_I_ING_FICtR PATE Nuclear P_cL:_ Operations _, /

...... J ,_._i . " h . "11 I i r..i ' "'
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Enclosure (1)

GENERAL COMMENTS - R=I06

A. .ASS UM PT IONS

i. N._o testing will be conducted for reliability assessment purposes

only. All testing should be designed to produce information required by and

•_seft_l to tile designer. (Implies that, in many cases, the designer must be

educated as to what information he really needs).

2. The basic item which will delineate what numerical reliabilityvalues

will be required is the Reliability Prediction Math Model. Not all of the values

required for input to the model will be generated as a result of testing during

the NERVA program, since in some cases itwill not be feasible or possible to

do sufficient testing to generate useful reliability data. (Possible exaxnplcs -

pressure vessel, structures). In these cases, reliability values b:tsed on

analytical analyses or possibly historical data will be utilized.

3. The same simplifying assumptions made in the development of the

prediction model will also apply to the assessment model (e.g., independence, etc. )

B. GENERAL TESTING PROBLEMS

I. What type of design information do designers normally require from

testing? This question holds for all parts/components/subsystems/systems.

2. At what level of testing (part, component, etc.) is reliability assess-

ment really feasible? That is, at what level and what type of tests produce useful

data in terms of realistic imposed environments, etc.

3. What type of tests are normally conducted on tile various parts/com-

i,onents, etc? (lncludiag what type of test equipment.)

4. Major Problem (at present) - Scope of R-106 as indicated in Form 9

(Dater Iten_ description)
o*
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Enclosure (I)

C. TECHNICAL PROBLEMS

I. In analytical stress/strength analyses, stress distributions are

derived by analyses of stress equations. During testing the stress distribution

ofte,_changes as a function of thrust time. How is this considered for reliability

assessment usiug stress/strength technique ?

2. If results of engine tests are used and reliabilityassessment

cottsiders sttch engine parameters as Isp, how is this accomplished, since Isp

is a continuous variable as a function of time? (e -]_t)?

3. Some components are subject to changing failure rates due to

deterioration/degradation. The technical reliabxlity problems associated with

this phenomenom have not to date been thoroughly explored.

4. Common externally and internally induced environments often affect

faihirc modes from several components. These effects could pose difficultA

reliability assessment problems.

'1 r
I
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Enclosure (Z)

PROPOSED APPROACH

Tas___k Re s po nsibility

1. Perform a detailed component Failure Mode and Reliability
Effects Analysis including:

a. Environmental conditions pertinent to each mode.

b. Prediction of probability of occurrence of each
mode (based on historical or analytical results).

". Review materials testing requirements as developed Reliability
by the Materials Department.

3. Review types and numbers of tests normally performed Reliability/Design
on each component/subsystem to provide design data.

4. Review test equipment available for various component Reliability/Design
tests.

5. Detail the design req_lirernents for each component/ Design
subsystem.

6. Develop preliminary reliability assessment plan to suit Reliability
requirements of the reliability math models.

7. Compile all preliminary component/subsystem tes," Reliability
plans developed to date by Design.

8. Compare assessment requirements with potential data Reliability
available from Item 7.

9. Suggest changes in the test program necessar)" to Reliability
satisfy the assessment requirements. Coordina%e
with Design•

10. Publish final Reliability Test ar d Evaluation Plan. Reliability

I
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Enclosure (3)

CONSIDERATIONS RELATED

TO TEST PFOGRAM PLANNING

I. TERMINOLOGY

This communication describes cri_erlawhlch misht be used in making decisions

when planning Reliability tests.

1.0

PROB. _= S--c_ I _. !

I-R \

S - Capability >" Nission Time or Cycle Number (T)

I c_- - Requirement

Figure i - The "Causal Variable" Figure 2 - The "Temporal-Phenomo-
-- Formalism logical" Formalism

It will be necessary to review standard terminology and, in the process,

introduce several new terms in order to express the author's views. New terms will

be designated by quotation marks, i
;

There are at least two ways to formaliz_ Reliability studies: (I) the i

"Temporal - Phenomologlcal" model, and (2) the "causal variable" model, i

In the "Temporal - Phenomologlcal" approach, the analyst assumes: i

R = R(T) ! i
!

where T is either the mission time or cycle number, whichever is appropriate. The

functional relation may then be assumed to have some standard form such as the Weibull

cumulative distribution:

R = _ - (eT)b 2

For many physical components, it is assumed that b = 1.0 so that equation 2 reduces

to the familiar exponential distribution. The failu:e rates, 8, for many components

.- can be found in standard data books such as FARADA.

In the causal "Variable Approach," the reliability is assumed to be the I,

cumulative probabillty associated with some basic random variable, _ * , i.e.:

R-PROB (_ > O) 3

= Z(o) 4

1976068581-162



Enclosure (3)

-- 2 --

The analyst must then select a functional form for either F or its probability

density

dF

f = d_ 5

The cansal variable approach is lllustrated in Figure I. Examples of the

use of this approach are: (i) the stress - strength formalism for mechanical meubers

and other so called "physics of failure theories;"In the theory, _ = S - _- (ca_a-

billty minus requirement) as shown in Figure; and (2) clearance failure theory

(e.g., turbine blade and housing clearance) wherein _ = clearance.

Testing based on the temporal - phenomological formalism will be referred t_

_i_ as "llfe testing." It is the purpose of this report to present criteria which w11_

help the Reliability engineer select one form of testing over the other.

It will be assumed that Reliability may be resolved as follows:

RS = Structural Reliability 6

As pointed by RAABE, _ is the conditional probability that a system performs

according to specification given that the system components maintain their struc-

tural characteristics. Structural Rellability will receive the main emphasis in

the discussion.

In the following discussion, emphasis will be placed on two competing

considerations:

a. Cost of testing

b. Accuracy of the experimental

Performance Reliability fits q,lite nicely into the causax variable formalism.

ZZ. ADVANTAGES AND DISADVANTAGES OF CAUSAL-VARIABLE TESTING

It is clear that only the causal variable formalism can be applied to some

components. For instance, mechanical components subject to large static loads only

, once dur£x_g the mission. Most often, however, the analyst will have a choice of

i formalisms to use in his modeling and testing.

me_

I

" E

1976068581-163



Enclosure (3)

-3-

Often, the designer himself will be very interested in one of the random

variables ¢',and/or S. The designer's testing needs might then conform with those

of the Reliability Engineer. Before requesting teots, the Reliability should

con_tder that the designer's experience and capabilities could be enhanced by

causal variable testing.

Causal variable testing can offer grea_ savings in test costs. Requirement

statistics, for instance, can be obtained using non-destructlve testing. After the

analyst has selected F or f, appropriate statistics can often be obtained with a

, hi_ degree of confidence after five or ten tests.

Another important consideration for the Reliability Analyst is the type of

historical data which is available. If capabillty-requlrement data is available, the

Reliability Engineer may have greater confidence (in the non-statlstlcal sense) in

th_ data obtained in the testing program.

, It would appear that the greatest disadvavtage associsted with the causal

variable approach relates to questions of accuracy. Two major sources of inaccuracy

are:

a. Requirement-capability relations must be defined for each failure

mode; omission of a single failure mode in testing could completely invalidate an

otherwise perfect Reliability estimate and assessment.

b. The definition of the capability variable, S, is a difficult task;

this statement is especially true for mechanical members for which failure mechanisms

are poorly understood aud cannot be related to standard, simplified material tests.

These are, of course, the usual inaccuracies associated wilh a poor choice

of the probability fur ctlons F or f.

IIl. ADVANTAGESAND DISADVANTAGESOF LIFE TESTING

Life testing has the slg_,_fican_ advantage of possibly providing the more

accurate Reliability assessment. Accuracy cf llfe testing results is not seriously

affected by an incomplete failure mode analysis.

I

/-
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Enclosure (3)

-4-

_any types o4 hardware (e.g., ball and roller bearings, electric circuit

components) have been modeled in this phenolliloglcal vay and math hlstorlcal

d._t._ ex_;ts for these eolponents. For sole coip_nen,*s, llfe data is easier to

obt._in titan capability_requirement data (e._.. rolllvg bearings und electrical

co=ponent s).
0

It is possible, _ith life testing, to substitute i_._o_ram analysis for

csti_atin_ statistical distribution paraleters and thereby eliaS'ate _-_rs intro-

duced by the assumptxon of an Inappropriate fora of probability functl_.-_.

Hlstograa analysis, however, usually requires a auch larger number of tests.

The usefulness of temporal-phenomological or ll_e testing suffers from

the facts tl_t:

a. Life testing sheds little light on those aspects of design not

directly related to Reliability.

b. The u_ber and length of life tests can lead to lal'8__ testing costs.

There are several distinct categories of life te._ing that should be

delineated. Two basic types of testing are:

a. Attribute Testing

b. Testing to Fa._lure

In attribute testing, parts and/or syste_ are tested for a specified time

or nuaber of cycles. Rellabilities and confidence liaits are then deducted from

the survival ratio. Attribute testing offers the advantage of providing the

Reliability Engineer _rlth a straight-forward means of calculating confidence

parameters. As is well known, attribute testing requires an extremely large

number of test_ in order to p:-ovide sufficientky narrow con.$1dence llmits. Thu_,

the analyst must weigh the advantage of knowledge of confidence parameters against

testing costs b_en considering attribute testing.

Testing to failure tests can be broken down into two sub-categories:

B - 1) Histogran Analysis

B - 2) Statistics est_:_ation for assumed probability functions

7

.......... IIII .... -" " ................. ,_, ..............

.... _ _ _ _ ,, __
...... Ul
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Enclosure t J)' N

-5-

Obviously, histogram analysis provides the more accurate means of testing beca,_se

there Is no need for assuming a fora for probability functions. If the analyst

d,;cides that testing costs for histogram analysis would be too hlsh, he might decide

on B-2) llfe testing.

IV. S_¥ AND CONCLUSIONS

There are basic types of testing: "causal variable" and llfe testing. The

_eltability Engineer say often have to choose between the two types of formalism

when developing Reliability models and when deslgnln_ tests, lalen selecting a

formalism, the analyst aight consult the following checklist:

a. To which formLlina is historical data related?

b. Are other mrs of the desisn tema planning test3 which might be

used as "causal variable" tests?

c. Will "causal variable" testing enhance the capability of designers?

d. Are the distribution functions, which must be assumed in the causal

variable formalism, sufficiently accurate approximations of the true distributions?

e. Is the. failure mode analysis, which Is especially crucial to causal

variable testing, sufficiently complete?

f. If life testing is selected, are confidence parameters required?

g. What number of life tests must be perfonmed and what are the lengths

of the tests? Wha_ are the associated costs?

h. Will histogram analysis of life tests zesult in sufficiently low test

costs so that this type of test analysis say be used in place of statistics analysis

for assumed o!stributions?

The answers to the above questions will hopefully provide the Rellabi;ity

Analyst with a rational basis for design of tests.

i

m

" V ....... : .........

.............. ..... _ ,,, ............." ,e,_m"_i°_;l"e ' V+L'I ......
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MEMORANDUM

t

t TO: J.L. W atkit_s DATE: 16 December 1969
7850:M0371

I FROM: E.B. Cleveland

I
SUBJECT: Example of Designing for Reliability

i COPIES TO: W.M. Bryan, D. Buden, L. B. Claassen, R. B. Glasscock,
' J.M. Klacking, A. 5. Mihanovich, J. H. Ramsthaler,

E. A. Sheridan, L. A. Shurley, M. H. Smoot, F. C. Va/Is,
E. J. West
NTO: W. H. Bushnell

ENCLOSURE: (I) Designing for Reliability

The discussion and example of Enclosure (1) is provided to illustrate
the use of SNPO-C-I requirements by the designer to ensure achieving the
overall engine reliability.

It is assumed that the designer understands some of the fundaznentaks
of statistics. The bibliography references should be studied to gain a com-
plete understanding of the probabilistic design concept.

Reliability personnel are always available to assist the designer in
applying these principles.

Reliability
Reliability & Safety Analysis Section
Nuclear Rocket Operations

CL,AS_IFI_',,ATIONCATEGORY

UNC LASSIFIED

DATE' i

p_

te

.... _ ...... • -,i ,-_, ,_, .,..,. ............... ' _ m I"..............,,,,.-,_m _ ........ _ ......... _ ....... _._ ................
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Enclosure (1)
7850:M0371

DESIGNING FOR RELIABILITY

The NERVA engine must have a reliability of 0.995 at the 90% confidence

l,,v,,lIo ineet the long-life and man-rating requirements. The only possible way

thls level of operational excellence can be achieved is by painstaking attention to

L.very detail of engine design, manufacture and use.

This effort begins with the designer who must convert the engine require-

ments into a design. The engine design must have a very high apparent design

reliability to allow for mani_facturing and use degradation and still achb:ve the

0.995 engine operational reliability. This is discussed in SNPO-C-I, Section 5.

Since there are approximately 30 major engine components, it follows that the

components must have design re|labilities on the order of 0.999 and the parts

O. 999,999.

The only method currently available to the designer to achieve and assess

this degree of the perfection is the Failure Mode Analysis and Probabilistic Design.

The Failure Mode Analysis, covered in NRP 301, provides the attention to detail

necessary to find all possible modes of failure. Probabilistic Design is the

quantitative technique to be applied to each possible failure mode to ensure that

all parts will have acceptably low failure probabilities.

!
{ Probabilistic Design is based on the premise that we live in a probabilistic

world where no parameter is single-valued but is distributed in a manner that

can be closely approximated by statistical mathematics. The techniques to apply

these mathematics to the design process have been developed and are adequately

covered in the references listed in the attached bibliography.

Full utilization of the probabilistic approach depends on the complete statis-

tical description of the environment, the design configuration and the properties

of the materials and processes used. This data is not available for many of the

NERVA engine parameters and materials; however, reasonable estimates can be

made of the distributions. These estimates will then permit initiation of a desigll

! using the probabilistic approach. Later, the results can be refined by substitution
_ " .

of _ctual data into the analysis.

J
dm_

o _

...... - i ilili=il , i.i,f.i,.i ..... ii ,ii,l ...... i ...... _,_. i ....... lil.i_l,..nli_D,-, ". --l..il.#_ ........ _

41
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Tr, e following approach Is suggestt.d for use by the designer 1_Jr L.,,t_al

,Leb_ttn vt'L'tflc&tloll and t-onlparlson of alternative concepts and pr,_-s,_me, it, at a

t,_,.l_lrt, mude analys_s has been completed.

.t. Dt:f_ne the- faalure criterion a:',d the method of stre_ _ ara_iy_.z.

i b Dt.fxne all k_own parameters _n terms of a moans a_d. st_,-_a_.rd1

._"_, LdLl(_ilb.

i
1

¢. Compute the unknown paramett-r using the allocated rt,h_b_:_,;v.

i d. Determine the margin of safety.

e. Repeat for all critical areas and failure modes of each concept and

_abulate the results.

The reliability value that must be achieved for each possible component

failure mode is the result of apportioning the 0.995 engine requirement tn each

subsystem, component and part. This is done by a math model which takes into

account the working relationships and the degree of difficulty expected it, achieving

the individual reliabilities.

A typical apportioned reliability for the nozzle assembly is 0.93746, whxch

is divided into 0.93891 for the nozzle, 0.9403 for the skirt and 0.94515 for the

skirt extension. These values must be further apportion,_d by the desigrer to

individual parts and then to each failure mode.

For example, the nozzle may have 220 tubes with four failure modes each, and

a support structure with three failure modes. If any one of these failures will

result in mission failure then their reliabilities are a series relationship and a

simple approach would be to apportion the 0.93891 nozzle reliability equally to cacia
of the failure modes.
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Tube Failures ZZ0 x 4 = 880

Structure Failure 1 x 3 = 3

883

Skirt Failure Rate 1-.93891 = .03109

Mode Failure Rate "03109 = .0_lZ
883

Mode Reliability 1-.0612 = .9688

This indicates that for each area of the nozzle that can fail, the probability

of not failing must be at least 0.9688 including not only the strength-stress effects
but also Q.C. considerations such as corrosion, handling da_rnage and undetected

flaws. Again, a simple first-cut approach might be to assume that had of the

failures are from undefined Q.C. problems.

• 0612
Strength-Stress Reliability 1 - .97402

]

The .9740 value can now be considered as a target value to initially size
the structure. Several iterative steps wilt, of course, be required to arrive at

an optinlum nozzle design•

The following example illustrates the above procedure. The permissabte

Ap _tcross the u-tube for a range of radii, wall thickness and strengths is

determined for a reliability of .9740. The designer should also study SNPO-C-1
giving particular attention to Section 5 and the examples of Appendix IV. Ed

Haugt,_s book, Part Two, Chapters 7-14, should be referred to for examples of

_ommon stress problems using the probabilistic approach.

L

• _'_-_ ............. .*.-+,a• : ........ ..... _ .,.._ .... .... _..o. _ ........ .............................. , _ .._c_ _, it -_*

" "r
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PROBLEM

Determine the permissable pressure across th wail of u-tubes with

outside radii of 0.177 and 0.284 and thicknesses of 0.012 to 0.038 in. for a mean

wall temperature of 1000°R. Tbe margin of safety must be positive and the

apparent design reliability ar least 0. 9740.

= Step 1. Define the failure criteria and the method of stress

analysis.

For this example consider the capability of the nozzle u-tube

near the end of the nozzle to resist yielding during steady state engine operation.

fty, =hoop t

where P = AP across the wall

r = tube mean radius

t = tube wall thickness a-tube section

Step 2. Define all parameters in terms of mean and standard

! deviation or coef. of variation. (A reasonable estimate of std. dev. is 1/3 of

10_/o of the mean or 1/3 of the specified one sided tolerance on the mean.)

Parameter Mean Standard Deviation Coef. of Vat.

Pressure, P, psid (TBD) V x 1s .010P

Outside Radius, r, in. .177 V x _" .002
and r

.284

Wall Thickness, t, in. .012 V t x _" .048
to

.038 "'

Mat'l Strength, Fty, 24,800 1670 ---
psi, at 1000°R -.

:. i _

.... !
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1
_[t2p 5. Ct.,llqf)tltt' the unki_own parameter.

l The value of Kp is a measure of the nurnber of standzxrd
d,,vi,ttions £ronl the mean of the joint distribution of all values of strength greater

i than stress that will encompass .9740of the area under the distribution curve asillustrated below.

=,,'%-I , r_

/ i

j joint mean ,lldtl'£ c,-! i_/,,-..._},,) /
Kp = joint std de_7.

= Fry fty =--0 "" /

that any value of Fty will be
greater than any value of ft_-'

l i.e, the probability ([ success
i or (the reliability).

t

' __ Fty __ and%_'f+y (the ,-'tres¢The values of _"ty andS" are known and the valu,- ..,f]rty

mean and std. dev) can be determined from the expressi¢.n fty = Pr/t arid thet"

t equation of the algebra of normal functions, Figure 1, by the method of partial

derivativcs, Figure 2 or by the Monte Carlo simulation technique.
I

i Usin,c the method of Partial Differentials, the mean arid variance of stress

are given by

Try -- 1_7/_

)

,, , . ,,,._,._.
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Since _y /I 5 = _'/_ and _y /_ = P/t the partials reduce to

2

Replacing the partials and div/ding by fty

The standard deviation divided by the mean (_'i/'_) , is called the

coefficient of variation usually expressed as Vi therefore P, _', and'[ terms

can be replaced with Vp, Vr and V t respectively.
°

Substituting this exoression for _" fty 2 .zn the expression for th-. Kp and solving

for fty

/'_ : • .. ;..,

>. _:,_- _,- _/- . .: ..o_ .)(. -_ _ ..--..,,

} : ./ .."" :

!
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J i'_,' .:pproprlatt- x.,_lac ui K ,:at_ be obtained t rom Y':gare 5. Since this isP

,, i_.:-,-t:or of avcrag,_ s.,znpi,: stze. N,of the joint distribution of strength minus stress _ :

• !:,..,=trcs_ valises &rt. as yet undetermined, an lnitilxl value _-ill have to be assumed

._:.ti ::.t. :.,_&l rt-=,tllt$ corrected after the stress vMues are calculated.

The value of 15 can now be determined from

P ('t:-_ (Y)lr

_,_tl ']',t'. "_'.,.htt",_I". p from V _ : ( "p/_)-P

',_p= VP
P

Step 4. Determine the margin of safety (SNI_)-C-I requires a positive

margin of safety regardless of the reliability value).

SIL
MS : "T'-- I, must be _ 0

where: SIL

: 0.85 - KFty ) SIL is Stress Intensity(l_ty _'Fty Limit based on nominal tensile

yield strength --_"y and its variance

tg

and maximum _llowable stress:

f : fry + Kft;* fty

KFty = standard deviation mul*.ipliers which adjust the varianceand: & Kfty

for confidence that a g_._-_ _ sample size is able to predict the total population spread.

For this example assume that the material strength, variation 'Y'Fty' is based,

on a sample of 15, the minimum allowed b_" TD 69-Z8. C-I requires 95% confidence

• l..vel: "_ = 0.95, and (probo,bility of 99%} _C : 0.01 and with sample size n = 15,

., the value of K_ '-- 3.52 using Figure 4.
• o -_ .

• o ..

%
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GeneraLly stress data is not available, and therefore are analytically

derived. Since there is no sample size that can be assoclated with these derived

vahws, it is generally assumed that the stress, fry a_id _" f_ , are from a veryty
large sample size (infinite_ _herefore, Figure 5 is used at the 995 reliability

Kf : 2.33. This corresponds to the 99% reliability used in the material strength

cah-tdation. The 95% con/idence limit does not apply since the infinite popu_tion

assume_ absolute confidence.

MS = 0.85 ( Fty - 3.52 (_'Fty}) _ 1

Tty + Z.33 (_'fty)

Step 5. Determine the reliability.

The reliability, R, will be the value from Figure 5 corresponding

to the number of standard deviations, Kp, at sample size N. Since an infinite
sa_nple size is used with stress and a sample size of 15 is used with strength the

avcrage sample size is somewhere between 15 and o,¢ and can be approximated by:
2

{WFty)2 + (_'fty) 2 )N 2 2

((b/Fty) Z ) ((_'fty) 2 )

NFty Nfty

A short GE Mark II Fortran program, ECL,EVE 3, b_s been written for Lk.e

numerical solution of this problem. The program is listed in Figure 6

_tnd the output resorts of this sample problem _t_ Figure 7. The input ,rotations are

as follows:

N = The number of mean waLt temp. values (up to 50 sets of
temp/strengths values can be entered. Only one set was
u_ed in this problem. )

TEMP - The mean. "vail temperature

FTY - The mean yield strength at TEMP

1976068581-181
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t

SIGFTY - The std. dev. of FTY

f

OR 11} & (2) - The tube outside radius, (the program is set up
for two values}

t
FTYM - The strength multiplier, KFty used to calculate SIL.

i
FTYN - The strength sample size number (15 was used in

this problem}

FM ° The stress multiplier, K F used to cMculate the m_x

I stress, f

RF - The reliability factor Kp

VP. VRt VT - The coefs of var. for pressure, radius and thickness

Step 6. Repeat for all critical areas and tabulate the results.
!
t
t

The computer solution presented does not yield a value for

reliability. This is obtained from Figure 3 at the initial value used for Kp (6.85

in this problem} and the cMcu_!ated vMue of average s_nple size EN. For this run

the. desired reliability of 0.9740 was obtained.

If a Com,r_-_r:t £ail_re Mode Analysis had been made to ide_:tify

._11 _lt_zzle failure modes, each mode would be analyzed using this appro,_ch. A

summa*io.", of the results would then show that the design would be the required

nozzle reliabiiity of 0.93891.
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Figure 1

_AETilOD FOR DETERMINING THE JOINT MEAN AND STANDARD DEVIATION

OF TWO NORMALLY DISTRIBUTED VARIABLF._

Ope r4tton Joint Mean Joint Std. Deviation

"" _ (ia 2 ib 2 _'a ib )l/zAddltxon xa+ b = i a + i b sa -- + �_-r

Subtraction Xa-b = ia " _b _a-b = (Sa 2 + ib 2 - Zr i a ib)I/Z

{sa} 2 {Sb }z (ialZ(Sb)2
_ _-- 11_+ )

!

•_0.rZl) l/z

(ia) z (;a }z (;b)z (.;a) (;b))l/Z
Division _Ca/b = i&/_b "a/b - _ ((ia"_a)_r �("_"- 2r (ia)(_¢b }

Where _ = mean of j.d.

s = standard deviation of j.d.

= mean of a sample

= standard deviation of a sample

r = correlation coefficient ( = o if functions are independent,
+1 if perfectly correlated, -I if negatively correlated)

a,b = subscripts denoting sample distributions

For more complex relationships use the method of partial derivatives.

f

ff i _".

Figure 1
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Figure Z

t

PARTIAL DERIVATIVE METHOD FOR OBTAINING THE JOINT MEAN AND
!

i STANDARD DEVIATION OF TWO OR MORE NORMALLY DISTRIBUTED VARIABLES
i

I
'i_,is.,.et_od c_u,be used to obtain the approximate joint distribution of

i
f

:w.,,,,.r.,,_r_:t%metions :rod is recommended For those expressions that are more complex

I *.h.t_,:h("-tddition, subt_Lction, multiplication cr division of two variables.

i 4 Joint Standard Deviation

i ' Joint _.%ean{ i

01_"_'_ti°n t , ,.

All>"dl i't'eran,ti-tbaeIIsemeedl { 2 = ( _i + 2 ._xi,,xl,_%,:_sl_,n_ r v-tines in = . }

. ! sion. I

! L Sxi Sxj r

I I %Saere r = the correlation f_ctor

I
i when r = 0, the second term = 0

I12

---- ( _ f2 2 _ 2 2 _ 2 2
-7- r -: -- ::('-T_"s + )% " ('_t)s_ )

performir_ the differentiation:

12
2 2 2

___ 2 _ 2 --- 2= (( ) , +('_---)s+(.F__)st )t P t r T"

*For more complex oxpressi_ms use the _.1onteCarlo simulation teehni,me.

Figure Z
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Figur'e 5
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M EMORANDUM

I',,: Distribution Date: 29 December 1969
7850:0395M

b'rom: W.M. Bryan

SubJect: Transmittal of NRP 301, "Component Failure-Mode Analysis

for the NERVA Engine, Instructions for"
(;,_piesTo: D. Buden, W. E• Campbell, J. W. Conant, A. D• Cornell,

, D• S. Duncan, W. E• Durkee, C. W. Funk, R• B. Glasscock,

D. Holzman, G. S• Kaveney, J. M. Klacking, C. K. Leeper,C. F. Leyse, B. Mandell, I. L. Odgers, J. H. Ramsthaler,

K. Sato, L. A. Shurley, File

NTO: W• H. Bushnell

,<eference: (a) NRP 300, System Failure-Mode Effect and Criticality Analysis

I (b) Memo 78S0:M0Z56, W. M. Bryan to Distribution dtd
| 19 August 1969, subj: "Review of NERVA Program Procedure

NRP 300, Failure Mode, Effect and Criticality Analysis for

| Components of the NERVA Engine, Instructions for"

f
Enclosure: (1) NRP 301, Component Failure-Mode Analysis

I
b

Enclosure /,I) is the initial draft of the Component Failure-Mode Analysis (FMA)

i which is transmitted for your review and implementation into the NERVAdesign and analysis process• The FMA, together with the system level
procedure described in Reference (a), supersedes the single procedure de-

, fined in Reference (b). The single analysis system ba_ proven to be unwieldy.

: The analysis process is initiated with the system I ,_ ,,, ,, tdy, Reference (a),
to determine system effects ar..linteractions :xnd, :n-)u;: other things, provide

a basis for selection of compone.t concepts which F-, . ade ¢ "cal systemf._*lu"e modes• Each Failure-Mode Effect and Critic.s:t) _,, .... sis xnvolves ;.
syste._n and design engineering groups which have the e" p ," ,: ;tecessary to

, understand the engine requirements and the system am. :-,,,' te'n interaction
1 effects when these requirements are not met by the cot _ ,, ,.ts. The Component

Failure-Mode Analysis level study, Enclosure (1), is in,_.ated by the deslg,_.cr
' upon completion of the system level study to determine the cause of failures

within a component• It is at this level that stress, matezials, radiation,thermal, h_strumentation and controls, and quality assurance are formally
included in the analysis process. Also, probabilistic analyses are condl_cted
on causes of failure identified in tne component study. ,;

L__ /l?I'",v,..\
W• M• B4yan, Supervisor i"

, [¢eliability & Safety Analysis Section |
UNC [,ASSIFIED Nuclear Rocket Opert tions

• ., ,,I/,

, . "'°
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NERVAPROGRAMRELIABILITY PROCEDURES

T=tle N,R.P.Number

C om pone nt Failure-Mode Analys is 3 0 l

for the NERVA Engine, Instructions for _uCuperse_es' '
N.R.P.No. N/A

Date

, . t , , i i

1.0 PURPOSE

The purpose of this proce('.ure is to establish the criteria for Component

Failure-Mode Analysis (FMA) and define responsibilities for their preparation

and utilization in the design of components for the NERVA engine. It

(.stablishes a uniform means for preparing FMAs by applying a coordinated

syst('m._ti(- approach to failure identification at the part failure mechanism

l('vel and t, valuation of ;*s causes, The requirement for this procedure is set

forth in Data Item R-101, NERVA Reliability Program Plan.

For the NERVA program, this document supersedes and obsoletes all

portions of NRO Program Directive No. RN-Pz)-S-1074, and Amendment A

(Z.l and Z.Z) and WANL Procedures RMP 3-5 (Z.3).

i

! Z. 0 APPLICABLE DOCUMENTS

2. I RD-PD-S-1074, Failure Mode Analysis - REON, Instructions for,

dr.ted ZZ December 1966.

Z.2 RN-PD-S-1074A, Failure Mode Analysis - NRO, Amendment to,

dated 3 March 1967.

2.3 WANL RMP 3-5, Failure Mode Effect and Criticality Analysis.

2.4 NRP-300, System Failure-Mode, Effect and Criticality A" ."ysis

for the NERVA Engine, Instructions for.
i i ii Jl

ApprovedBy: IssueDate
o_

Ma.ap,er, RelaabalJty NERVAProgramManager ._

'AEROJET-GENERALCORPORATION'
|
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N I_P No ._oi Page 2 of 18

_'.0, Applicable Documents (cont.)

Z.5 Data Item R-101, NERVA Reliability Program Plan

Z.6 Data Item C-01t_, NERVA Cor_figuration Ivl._'_agement Plan

_. 0 POLIC Y

i I

3. I Component Failure-Mode Analysis (FMA) will be used as at_

integral part of the design process for the NlZ.'RVA engine. The high cost of

t,.stlng the NERVA c_gine precludes extensive engine system reliability testing

to delnonst rate the stringent reliability requirements. The FMA is a primary '

tool whereby reliability can be an effective design parameter.

t

_.2 The basic objective of the component FMA is to provide the basis '

f_,r analyzin_ a design in order to assure a systematic and detailed review of

.all of the. possible ways that a component can fail to perform its design functions.

An assessment of the probability of failure of each part at the failure mechanism

level provides a bas:s for decisions which can maximize the probability of

" reliable component. It assures that all feasible actions are taken to minimize

the probability of failure occurrence and/or to minimize the eifects of the

failure. It also provides the following:

3.2. I A basis for comparing the reliability of desig- ,tltern&tives

during the concept definition phase.

3.2.2 A basis for the analytical prediction of the reliability of t':e

design during all phases of design development (i.e., concept selection, detail

design, development testing, qualification) and durin,; actual use. i

3.2. 3 A basis for recall of the analytical techniques used to assess

the structural dynamic and performance "-r,t. _ iLy "_. components.
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i.U, Pohcy (cont.)

_.Z.4 A record of design analysis by program special talents (stress,

_at,.rials, radiation effects, thermal, system and quality and reliabtlity

.t,tatysts) and of the impact of these analyses on the design features and iabrica-

tlon processes.

3. _. 5 Information for statistical planning of tests.

3.2.6 A checklist for design reviews, test plan reviews and the

_,v,tluation of design and fabrication changes introduced during production to

assure that such changes to not degrade reliability by viol_ting design criteria.

i

3.3 The FMA will be initiated and maintained as an integral part of the
t

_'ntire design process. It will be coctinually updated as design analyses are ,

c,mducted. The cognizant design organization will initiate and be responsible

f,,r the component FMA with the assistance and approval of Reliability. It will

bt. reviewed by other engineering disciplines and comments will be documented

to a_sist in design decisions. Detail responsibilities are set forth in Section 7.0.

-! . 0 DEFIN :T IONS

4.1 COMPONENT FAILURE-MODE ANALYSIS

A component Failure-Mode Analysis (FMA) is a method of

identifying a_d assessing the probability of occurrence of all possible means by

wl_zch a component can fail to perform its required functions. It is also a

._._te,natic procedure for identifying all of the primary causes {mechanisms) of

_.a_-h mode of failure and eliminating from further consideration those which do

; ,_J, hav_ adverse system effec1_ -._ evaluated in a system FMECA or those

I _ hi<'h, in the judgement of engineering, do not require detailed analysis

_ ,h.: to inherently high margins of safety of the mechanism of failure. A major
4 .

i ,'ntphasis is placed on identification of those means by which human or process
t
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• i i

4.1, C,,mpL_:'_,,t F',_illlri-Mode Analysts (cont.)
!

_.rror_ (-arise' _z mode of failure to occur. In a component design analysis, the

i id_.ntil'i_.d_'riti¢'alfailure modes will be further investigated by detailing all of

lib,"pru_:edurt.s for _tnalysis of each cause. Each mechanism of failure will be

.u,nLyzud i,, the guneric terms of the "Failure Causing Stress" and the "Failure

I(_.sistl,tg Str,.,tgth" where possible. These include, but are not limited to,

i ._trv¢'tLtr_tl. ch-ctr_cal, performance, dynamic, and environmental stresses and
str,.,,gths. Where possible, the nominal level and expected variation in these

, "struss" ._ttd"strength" values prt,vides the vehicle for assessing the probability

' of st,'_-_-ss ol the design concept. The detailed methods for calculating these
l

"strt'ss" and "strength" values will be described in seperate reliability proce- ;

dur¢'s.

4.Z FAILURE-MODE EFFECT AND CRITICALI'iY ANALYSIS (FMECA

A FMECA is an analytical technique which documents all possible

i,llhl rl. modes it_ a system design, determines through engineering evaluation

ti., _-ritic_tl faih,re modes relative to mission success, documents the reasons

h_r .-htssificatio_t of other n-,odes as noncritical. In addition to identification oL

critical failure modes, it also identifies major subsystem interactions and

tmportltnt component interactions at the subsystem levei. For details of an

FMECA, refer to NRP 300.

4. ] STRENGTH

Strength, or part capability, is defined as the ability of a part to

resist failure or, more exactly, "it is the maximum allowable value of a failure

g_)w.rni_g stress". Strength is measured in terms o£ the pertinent me-chanical

,,r pbysic_tl properties of the material.

t

- - u
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i

4.4 ST RESS
!

Stress, or failure inducing characteristic, of a part, is defined as

tht" su,ntnation of those factors o_ storage, usage or test which tend to _ffect the

._L)iiity of till" component to perform a required function. Stress may be calcu-

l.Lted by any a1_lytic_l technique which hats been defined as a means to assess a

I',_ilu re mechanism.

4.5 FAILURE MODE

A failure mode is the description of the presumed _va_ In ,vhich a

c<,mpo,_cnt ceases to perform an intended function within specified performance

h,niis. (A f_ilurc mode is a specific required function expressed negatively.) :

4.6 FAiLURE'MODE EFFECT

A [_ilure-mode effect is a description of the expected change i::

.ill other components in a system or change in system integrity, operation or

ix, rformance which results from the defined failure mode. A failure mode e_fect

may c_rry through successively higher assembliee to the total system and _ll

-_ i)_, asst, ssed at all levels of assembly.

4.7 FAILURE MECHANISM

A failure mechanism is the process, or measure, of a failure

d_.s_'ribed iu terms of the stress or the comb,_nation of stresses and/or environ-

_ mental factors which exceed the resisting strength attributes of a part. Failure

i mechanism should be described at a level that specifically identifies or describe..

.u_engineering analysis which can be utilized to compute reliability. Similar

,nt'cha,dsms should be combined only whcn environment, loads, etc., arc

q_
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t. 7, i",dlur_" M_','h,uli_m (cont.)

dcl,r.dent .tud w.wrL, appropriate analytical tools are available (or can readily

I,,.dew.loped) for application to the analysis of the combined mechanisms.

. .I._t ENVIRONMENTAL FACTORS

i Those factors which make up the total exposure of an item (part,

voml_n_e,! _,r subassembly)during its manufacture, storage _,--.d service life.

Fhv,,ironmeulal factors may influence the imposed stress or the strength of an

: ue:u, or both. These influer.ces may be additive and/or accumulative, tempo- I

, r.r,y, or permanent. They include temperature, pressure, acceleration,

atmospheric conditions, moisture, corrosive materials, radiation, vibration,

,u,t,,.t_elism0 etc., and may be at a steady-state or transient condition.

¢

5.0 PROC EDU RE

The FMA will be initiated during the design concept selection phase and

will be updated as the sophistication of the design analysis is increased. The

' FMA will be formally reported as a p_rt of the Allocation, Prediction and

Asst ssment Reports, R-"0Z. The content of the analyses wiLt be affected by

._ prug;'am status and the aanount of design detail available at the time of the

_arious program milestones where an KUocation, Prediction and Assessment

Report is required.

5. I COMPONENT DEFINITION

The physical aPd functional limits of the components, the inputs to

tlw component, the outputs required of the component _nd the environment in l

which it is manufactured, stored and used, are all part of the component defi,i-

rio, needed for the FMA. The state of design definition expected at each R-ZOZ

_ilc_to_e for the NERVA program is as specified in the NERVA Configuration

Nl,u_ag_,mcnt Plan which is summarized below.
|m

, !
" I
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_. L, Component Definition (cont.)

('h,tn_es in the ._mount of available design definition will have a correspondin#

e':fecton the detail available in the failure mode analysis.

5.I.I Design Requirements Baseline (DR.B) - A review of Part I CEI and

ECC specification to justify the performance and design requirements therei:x.

5. I.2 Preliminary Design Review (PDR) - A formal technical review to

sinew that the selected design approach is compatible with requirements of the

P_rt l specifications.

5.1.3 Critical Design Review (CDR) - A formal technical review to

_,sl_tbhsh the design configuration of the CE|s and ECCs which will be subjected

to formal qLl_tlification tests, The CDR will be conducted when the detail desigr,

ts complete and the results from the development test program are available.

5. I. 4 Formal Qualification Review (FQR) - The FQR will be a formal

tt.chnical audit to verify that all of the performance and design rv quirements

d,.lin¢ ,_ted ill Section 3 of the Part I specifications (CEI and ECC) have been

s==cct.ssfully demonstrated in accordance with the requirements defined it.

S¢.t-tion 4 of the Part I specifications.

5.1.5 First Article Configuration Inspection (FACD - FACI is a forn,'.al

customer audit to verify that the as-manu.factured hard_,_re complies with the

_.ot_ligt_ratiov_ defined by the Part II Detail Specification. The audit also estab-

lish(-s the exact relationship between the configurati-m of the end item qualified

; ,L_td the configuration of the end item released for production.

I
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' -.' FAILURE MODES WORKSFIEETS(FIGURES l, _' at_d 5_

' The FMA assumes that only the failure under consideration has

occurrt,d. When redundancy is iloted within the component being analyzed

{i.e.. failure of more than one nozzle tube required for nozzle failure} this

t, ffct-t is t'onsidered in the failure probability model for the failure mode.

W hi.r(, rcdttudancy or failure interactions are noted at higher system levels,

this I_tt-t is ttoted in the effects analysis for use in the system FMECAs

frtjtn whic-h the ow, rall reliability predictions are made. The analysis of

•t fallurt" mode will include all credible mechanisms that might cause ,.he

fltilurt, mod,.. The probability of failure occurrence of each mechanismr
t

i _ill bt. 4sscssed by the designer either by stress/strength armlysls or by

tltt. tnost rigorous technique available. This evaluation will be reviewed

by otlu,r i_rogram talents and either substantiated or modified by the de-

signer as a result of the reviews. This process will be documented at

the t-omponent level on the enclosed form using the following procedure.

5.Z. 1 Figure 1 - Component Failure Mode Analysis

S. 2. i. ! Colun:-n 1 - Failure Mode Identification Number

5. Z. !. Z Column Z - Component Mode of Failure

The component mode of failure should negatively describe a

ct)niponent function (se _. Section 4.5}. The level of the component part

analyzed depends upon the interdependence of part of subparts, as well as

tht, physical or engineering boundaries usually associated with the part.

This column will be prepared by the component designer with assistauce

of rt, liability engineers and reviewed by the various program talents.

_.,
%

d

i i m
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_. ', F.Lth,.rt. Modes Worksheets (Figures 1, Z and 3) (cont.)

5.2.1. :) Column 5 - Mechanism IdentificAtion Number

This is a code number for each component failure mechanism

whl,-h tllt-rt..tst,_j numerically as additional mechanisms are identified. The

i,,,rposc is to key the various pages of the FMECA together. Some analyses

: ()n 4)I indi','idual mct:h_nism of failure will be on succeeding pages and a

ruth)nUll tit,-in is necessary.

5. Z. I. 4 Column 4 = Component Mechanism of Failure

Thcse are the mechanisms which cause the mode of failure

dv._cribcd i1_ Column 2. These will be filled in initially by _.he designers and

added to by the stibsequent analysts ii additional mechanisms are identified.

Compo,enl ,ncchanisms will be identified primarily on the basis of past

_.xix.riclt_-_. refined to reflect (a) engine configuration, (1:) comparative

' _,nvironments, and (c) NERVA duty cycle requirements. E_ch mechanism

will bc analyzed In detail by all personnel participating in the failure mode

analysis. Tiicrcfore, mechanisms of failure should be defined in terms

whiL-h relate to the method of analysis required.
I

)

5.Z.I. 5 Column 5 - Mission Phase

Mission Phase sensitivity to failure mechanisms should

i)_(-!t_dt: chilldown, startup, steady-stlte, shutdown, cooldown and coast.
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_.Z, l",Lilur,. Modes WtJrksheets (Figures 1, 2 and 3)(cont.)

_.2.1.6 Column 6 - Environmental Factors

In this column the designer lists the environments which have

i ,._ L'tl,'cl oi_ tilt' mechanism of failure Environments during the entire life o!t °

iht.par! should be reviewed, including the manufacturing processes, assembly,

! It,shn_, shipping, storage and operational use. Tables I and II list typical

environmL'nts winch may be applicable.

_./-..1.7 Cohmln 7 - Stress Considerations

In this column the designer relates the stress which may induc_.

I,tH.r,. Io the SlX,cific analyses req.ired to completely evaluate the mechanism

t_f failure which may be induced by the p,_rt design and environmental exposure.

Tabh, 1 h_ts some factors which can effect the failure inducing stress of parts.

5.Z. 1.8 Column 8 - Strength ¢'onsiderations

In this column the designer noteJ the "faibire resisting

._trength" which m;_st be evaluated in order to determine the part resistance to

lhc stress and resulting mechanism of failure. Table II lists some facLors

which can effect the failure resisting strength.

5._.1.9 Column 9 - Design Analysis

In this column the designer summarizes his analy * s in terms

of the L,xpected probability of occurrence of the modes of failure by each

mechanism. The more comprehensive and detailed this analysis is, the more

valuable the FMA becomes. As the design progresses, the FMA will be _,

upgraded and the design analysis will be more detailed and specific.
|,

i
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•,.Z, F,tilure Modes Worksheets (Figures 1, Z and 3) (cont.)

During conceptual trade studies it may be desirable to have a

quantitative reliability assessment for each mode of failure in order that they

m&y be summed for an overall comparison of the 'various alternates. The

v,xlues may be derived by selected previous component test experience, or it" no

t_,st experience is available, by a qualitative rating system based on engineer-

I,,_,,_'i Lldgeme nt.

In the early analyses, these columns will be general discus-

sions of previous experience, such as: "Traditionally, designs are producing

factors of safety of _-2.0 on hoop stress, primarily because wall thickness, in

practice, is heavier than minimum allowable by hoop stress equations" or;

"Toh. rance on dimension on this area is easily measured and no subsequent

m._nuf,_cturing processes which are expected to effect dimension are required";

or "Tolerance on surface finish is difficult to maintain and can only be meas-

.,red in localized areas", etc.

An analysis progresses to specific designs, these columns

will s_,limarizc the results of structural calculations, such as "Maximum stress

_s expected at location 'B _ with a mean of Z0,000 psia and sigma of 2000 psi,

$47 stainless steel forging at 150°R has a normal standard deviate of 9.8 and

rehability .>923 SNPO-C-.I Margin of Safety is .... , etc.

The analyst must sign the analysis so that he can be contacted

dir_.ctly to provide additional information or resol'_e questions should such be

net'dt'd durzng design reviews.

_,. t FIGUKE 2_ . ENGINEERING ANALYSIS OF MECHANISMS

This worksheet is provided with a copy of each completed Figure I to

I ti_t, various technical disciplines that will review the FMA. The3e figure- willnot be retained as a permanent part of the failure mode analysis. The work- _"

.... _ .v " I
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_.';, l.",_,r,. Z - l'_,_,-iu,.cring Atlalysis of Mechanisms (cont.)

.,,h,.ct prv._v_tt.d is only a guide--other formats may be used if deemed neces-

._,try. 'l'h," ,,bjcctlv¢- of these reviews is to identify or emphasize problems

,t._s,,,'l,tl_.tl with _,,tch lnt, chanlstn and to define the studies being done in the

'_ ._Imt'ialty arras which have a bearing on each mecham_m of failure. By

rigorously insisting on an andysis of each mechanism of failure by all special-

tios, the program minimizes the possibility that no critical analysis or testl
j,ro_ratn is overlooked. In early issues of the FMA, the specialty analyses

'. _,_" r,'t'rr to prior studies which support their conclusions, or development

1 t'fforts that ,_re required to obtain the analytical techniques or test data to

assurt, th:,re is no reliability problem. As the development effort proceeds,
J

, the analysis will be changed to reflect the additional supporting data which

have been acquired.

5.3.1 Column I - Component Failure Mechanisms Identification

Number

5. _. Z Column Z - Summary of Failure Mode and Mechanism

Engi,_eering specialists reviewing the FMA may elect to

mark up Figure I of the FMA with his suggested addition or deletion to the

failure mvchanism (Figure l, Column 4), or he may rewrite them on Figure Z

i,Ithis column.

5.3.3 Columns 3 and 4 - Column Headings are Self-Explanatory

Che.k lists may be developed as an aid for each discipline

anvwering typical questit,ns in relation to each mechanism of failure.

2
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5.4 FIGURE 3 - SUMMARY OF SUPPORT ENGINEERING

ANALYS*.S

This summary sheet wiU present a compilation of the informa-

tion gathered on the Figure Z worksheets and will be included in the FMECA

presentation in Data Item R-202.

g, 4.1 Column 1 - Failure Mechanism Identification Number

This column corresponds to the identification number in

Column 3, Figure 1, and is used to key the analyses together.

5.4.Z Columns ? through 7

Detailed analyses by the indicated program talents will be

a ._L_mmarized in these columns. The Reliability Analysis will include the

failure rate for each failure mechanism. The allocated and estimated relia-

bihtles for the component will be entered at the top of the first sheet of Design

Engineering Analysis, Figure 1. The latter values will be based on the summa-

tlon of the failure rates of the mechanisms.

6.0 APPLICABILITY

6.1 An FMA shall be prepared as specified herein for each of the

follo_ving components and assemblies sho_;n in tee specification tree of the

NERVA Engine CEI Specification Part I {Reference C).

6,i.2 Any subsystem or assembly which is not broken into lower q_

tier components in the specification tree.
I,

T
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t,._,. A))pllvab_lltv {co,_t.)

6. t DRB

A preliminary system level FMECA component level FMA

will be completed by Reliability for DRB based ov the DRB Reference Engine

and Trad(. Study results. The Reference Engine will consist of component

concepts ._nd preliminary layouts. Historical failure rate data and/o#

¢lualitativc techniques, such as Appendix A, will be used to obtain reliabilit/

v,Lhies for each m¢,,de of failure. These data will be derated as appropriate

to account for differences in design or environments. The FMECA and FMA

mode! reliability va ,es will then be combined in mathematical models to

compute engine system reliability• Detailed procedures for pxeparation of the

system FMECA will be documented in NRP 300.

6. g. L PDR

• 6•L.Z.I Engine PDR

Revise DRB system level analysis bnd add system effects

and criticality analysis• Include any revised reliability values obtained from

av_ll4ble component FMECAs.

6•L.L.g Cvm ponen_ PDR

Compilation of component failure modez, in accordance with

this procedure, will be completed for PDR, based on the candidate design

evolved to meet the requirements set forth at DRB• Historical failure rate

data may be utilized at the component level with appropriate derating factors. '_

Stress and strength approximate calculations will made, where possible,

assumi.g nominal values and variance where the variables data are not

readily available. A detailed review of each failure mode will be made by the

various program technical disciplines to verify failure mode identification and
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6.2, PDR (cont.)

probability of occurrence. A parallel effort win be made during and subsequent

to the PDR FMA iteration to develop detailed procedures for calculating

reF_ability and, where applicable, to develop computer programs which will

calculate stress.

Those failure modes considered critical to mission success

will be clearly identified and those which have been eliminated will be docu-

emnted with supporting analysis by the program specialists.

6.3 FQR

(TBD)

6.4 FACI

(TBD)

7.0 RESPONSIBILITIES

7. l ENGINEERING

7.1.1 The ,'ognizant design organization will be responsible for

the following:

]

7.1.1.1 Initiating failure mode analyses as soon as candidate designs
i
t have been sketched in sufficient detail for study.
I

7. I. 1. Z Preparation of Figure 7 of the component FMA and uvdating

._nd expanding these analyses for surviving candidates as the sophistication of

the design increases. .

li i ii i _ --

! i
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7. I. Engineering (cont.)

7. I.I. 3 Assessing implications of reviews by various program

i specialties and initiating design changes ;As appropriate to eliminate unreliable

f,:atures disclosed by the FMA, or conducting tests, as necessary, to assess

t failure mechanisms for which no satisfactory analysis has been found.
i

7.1.I.4 Make decision as to which failure modes are to be used in
i

reliability prediction.

, 7.1.1.5 Determine when analysis is satisfactory for incorporation

into an R-ZOZ for a formal design review.

7.1.2 Stress, Materials, Radiation and Thermal Engineering will

be responsible for the following functions:

7.1, 2.1 Review each mode and mechanism of failure to determi-.e

whether all input effects have been properly considered, what d_ta are available

and what will be available to use in the analysis of failure modes.

7.1.2. Z Add failure modes and/or mechanisms of failure which have

been overlooked.

7.1. Z. 3 Modify failure modes and mechanisms to reflect data

, available to their particular specialty.

7.1.2.4 Identify or emphasize problems associated with each

mechanism.

7.1.Z.5 Define studies being done or needed intheir specialty area

• which have a bearing on each mechanism of failure.

" I
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I

7. I, Engineering (cont.)

7. I. 2.6 Identify data which is available or required to the analysis of

(.ach failure mechanism.

7. I. 2.7 Summarize the results of their analysis on the Failure Modes

Worksheet, Figure 2.

7.2 RELIABILITY ENGLNEERING

Reliability will participate in the failure mode analysis cycle

as technical consultants, coordinators and as auditors for overall adequacy.

To perform these functions, they are responsible for the following:

7.2.1 Provide training to all program talents on failure mode

analysis techniques.

7.2.2 Prepare procedures for means to predict reliability from all

types of failure modes.

7.2.3 Assist designers in initial preparation of failare modes and

mechanisms.

7.2.4 Coordinate analysis by program specialists and assist as

necessary to assure comprehensive studies in all areas.

7.2.5 Conduct effects and criticality analysis.

] 7.2.6 Recommend to designers failure modes which should be used
i

to assess reliability, procedures to be used for reliability assessment and any r

required testing.

q.

:.d • _.--

i
t

I
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7.2, Reliability Ek;gineerilig (cont.)t
7.2.7 Approve FMA after Design has submitted it for incorporation

into Data Item R-20Z.

7.3 QUALITY ENGINEERING

Quality Engineering will be responsible for the following:

1
7.3.1 Review of applicable failure modes and mechanisms for

adequacy.

7.3. g Evaluation of available quality control methods for detecting/
.. preventing the occurrence of each failure mechanism.

7.3.3 Development of new methods and improvement of existing

methods of quality control when the FMA indicates such action will improve

the reliability of a part of component.

7.3.4 Documenting their evaluation on an FMA worksheet.

7.4 SYSTEMS ENGINEERING

Systems Engineering will be responsible for the following:

7.4.1 Review of each failure mode and its effect upon the system.

7.4.2 Assure all requirements have been considered in the analysis.

7.4.3 Look for system interaction effects which require additional

analysis at the component level.

7.4.4 Assure all interface effects between components have been

properly considered.

i
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NRP 301 I

'FABLE I

* FACTORS AFFECTING FAILURE INDUCINC STRESSES

[ F',_ctor Affect o_ Stress

[ . |_rt'.'_til't' I. A direct cause of stress, usually

I. 1 "['r,_nstt, nt Ctmditlons may cause types as
tensile, but other

!. !. 1 Undirectional a result of interaction of parts.

i . . Cyclic . . (a) Cyclic loads may cause
| I I l 2

I. 2 Steady State Conditions fatigue stress.

(b) Amplifying effects at
l. 2. ] Positive pressure re_ooant frequencies of part(s).

I 1.2.2 Zero pressure 1 2 2 "Welding immobilizes moving
parts at high vacuum

2. Linear Acceleration/Deceleration 2. (a) L_ads imposed = f (m_s and
_ acceleration}

T 2. I Solid Parts (b} Impact effects of rapid decelers::.on,

2.2 Liquids 2.7 (a) Impact effects when liquid flow

suddenly stopped by valve closing.

3. Weight 3. Stress from supporting weight of

parts and contents.

4. Vibration 4. (a} Increases fatigue stress

4. I From rotating parts (b} Amplifying eHects at resonant

4.2 From reciprocating parts frequencies of parts, assemblies.

-" 4.3 From external mechanical
sourcestt

4.4 From external acoustical
sources

S. Flow of Fluids 5. Fluids will erode containing material

5.1 Gases when flowing at high velocity or when

"" 5. _ Liquids direction of flow is changed abruptly.

Qo

- t
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6. Tm-rmal E.vironment 6. (a) Thermal expansion/contr&ction

6.1 Transient Conditions applies stress to localized areas

Heat input causing bending, etc,

Heat removal (b) Differential thermal expansion/

Cyclic changes contraction between adjacent parts

0. _- Steady State Conditions due to material differences.

High Temperature (c) Differential expansion/contraction

Lo,v Temperature between adjacent parts due to

Hen; Transfer temperature differences.

6.3 Sou:-ces of Thermal Effects (d) Corrosion rate is a function of

1,142 flow temperature (see item 8. I ).

GH2 flow at high temperature (e) Gas pressure and resulting stresses

GHz flow at moderate are a function of Sam temperature.
temperature

Nuclear radiation and
interactions

Solar radiation

Friction radiation to space
between moving parts.

7. Manufacturin R Factors

7. I Dimensional VLrLstion 7, I Causes variation in load bearing area.

Stress : load
load bearing area

7._ _urfacc Finish 7.Z, 7.3 Frictional effects on moving

?. J I,ack of lubricant IXWts.

7.4 Scratches, gouges and nicks 7.4, 7.5 Stress concentration on sharp

7.5 Lack of corner radius corner provides and origin point for

_tlure.

7.6 Welding Errors 7.0 Undercutting, etc., reduces load

bearing area

7.7 Contaminants 7.7 Blockage of fluid flow effects

pressures

7.8 Assembly Errors 7,8 Various effects depending on the _"

a4sembly details. Examples:

(I) Excess torque over,stresses bolts, t,

(Z) Omission of lifts increases loads

on other puts. _, _.

1976068581-213



I NRP 301 :Table I, Page 3

I
8, Chemical Factors

8, I Corrosive Materials 8.1 Corrosion reduces load bearing8. l. 1 Marine air area, increasing stress. Corrosion

8.1.2 Acidic vapors rate is increased by stress.

_. I. 3 A/kaline vapors

. I. 4 Residual materials

: | from cleaning
l operations

8, 1.5 Moisture

I 8. I. 6 System fluids
8.Z Solar Radiation 8.2, 8.3 See "6. Thermal Factors. "

8.3 Nuclear Radiation
8.4 Sublimation in Space 8.4 Reduction in load bearing area

increases stress.

r

t
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TABLE II

FACTORS AFFECTING FAILURE RESISTING STRENGTH

Factor Affect on Strength
i

1. Vibration I. Reduces resistance to fatigue failure.

I. I From Rotating Parts

I. Z From Reciprocating Parts

I. 3 From External Mechanical
Sources

I. 4 From External Acoustical
Sources

.'. Th_,rmal Environment and Ir--adiation 2. Causes changes in material properties:
I

z. I Transient Conditions (a) Strength = f (temperature)
_. I. I Heat input (b) Ductility = f (temperature)

2.1.2 Heat removal (c) Impact resistance = f (temperature)

2. I. 3 Cyclic changes (d) Plastic flow = f {temperature)

2. _ Steady State Conditions (e) Annealing effects of high temperature

Z. 2. I High temperature (f) Electrical resistance = f {temperature)

2.2.2 Low temperature (g) Electrical insulation breakdown

2.2.3 Heat transfer Effects may apply to entire part or to

localized areas. Parts may be at

uniform temperature or a gradient

may exist.

_. Manufacturing

3. I Dimensional Variations 3.1 through 3.4

3. Z Surface Finish Frictional heating reduces

J. 3 Lack of Lubricants strength and permits galling

.4 Cont_ninants

_. S Metal Forming 3.5 Cold working increases strength and

may cause directional differences in

material strength.

3.6 Welding 3.6 Annealing effects in heated areas.

3.7 lleat treating/annealing 3,7 Modifies physical properties :

.8 Electrolytic cleaning 3.8, 3.9 Hydrogen embrittlement i

3, ') Electrolytic plating _.

!

• o
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_. l0 Assembly Errors 3. I0 Various effects depending upon

details of the assembly. Zx_mpies:

(I) Torqtm on bolts affects ability

of gasket to prevent le&ks

(Z) Allows heat to contact area not

designed for such.

4. Chemical Factors

•._. ! Nuclear Raata;.lon 4.1. 4.2 Chemical changes caused by
4. Z Solar Kaz, tation radiation. For therm_ effects

see Section Z above.

,l. 3 Hydrogen Absorption 4.3 Hydrogen Embrittlement,
e

4. _. I During manufacturing Chemic_ reaction of carbon and

4.3. Z During use hydrogen.

Material Variability 5 Physical properties vary as a :

5. I Within a part result of variations in:
5. Z Withi, a material lot (a) Material composition ;

5. _ I,ot to tot (b) Material manu/acturing processes.

(c) Part/a_sembly manufacturing •

processes (see Section 3 above).

[
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.. MEMORANDUM •

TO: L.P.P..urke DATE: 16 July 1969 "

7850:M0216
Fh_DM: T.W. Klinefelter

SU_i.:CI': Literature Search on Electronic Control System (EPIC)
Failure Rates

_b

_xSTI(YIUTION: If.Musgrove, J.T.R. Wilson, Section 7850 Personnel

*w

2_Cf<%,,URE. (i) Project Mercury Altitude Con..ol Subsystem Re!i__'ci!itv

(2) Atlas "D" Reliability by System

YNTROFIICTION

In order to provide background information for the design of the :_R%_._. _

Electronic pc_er and Instmlmentatlon Control System (EPIC), a litezuture
search was conducted to provide system level failure rate data.

SCOPR OF _;DY

_e followin6 sur,mary lists the material reviewed to date:

Revlewed appl_x_mate_ 200 report abstracts from the following seduce:

._ I. Nuclear Scie:,ceAbstracts - 196h to present

2. Scientific & Technical Aerospace Report Abstracts 196_ - pres_-nt
"" 3. Reliability Abstrac'5_ _ Technical Reviews 1966 - Present

Reviewed 1,51 citations from NASA literature search #8554 - "Reliability of
._ Mi_ le Electronic Inst2_mentation and Control Systems"

-" Reviewed 106 citatlo,,s from DDC literature search #12632 - "Control fvstc:_
Reliability and Failure Data"

,. Reviewed the foll_ring reports distilled from the above sources:

_ I. Design for Space - Veh. Control System Reliability

.. 2. Rel. Study Equip. & Comp. in Nuclear Power Plants

3. Eel. Sum.-_a_ Reports (Gen.Dyn) Oct. 1961

I_. Semi. Annual Report on Prod. D.-si6n & _i. Studies for Airborne F.lect. P_e;.

5. WS-IOTA-; Rad-lnert. Guidance Syst. Fil Sum. Rept. _9

6. _csearch & Fcas. Study to Achieve Rel. in Auto Fit. Control Systems

7. The Rellab. of the Lunar Orbiter Power _ystem

@
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t. _urke -2- 7850 -_0216

8. |_liab. Aw,l. of Modular Power Conditlc_=Ir_ and Control Systems for
Ion Ent;JI_s

9. A Rellald]it¥ Study of a Nuclear Reactor Pressure Monitor Coincidence
.- ?

Trip S¢_;tem.

]':. A Control Syst_l Study for an in Core Thexlalonic Reactor

I!. F1nnl Rupert of the Able Star Reliability Pro_m

l;'. Impact of Equipment Life C_araeteristics on Missile Test Plemnin_

]3- 0_, - In,them. & Controls Division Annual Progress Rept. - i Sept. 1966

]l_. E_d. _k_thods & Ways for Increasing the Reliab. of Auto. Control Res.

1_. Tri-sufc Sin_:leAxis Control System - Final Report

16. Self O=-6anlzlng Control of Alrcxaft Pitch Rnte & Norm. Aecel. - Final Bept.

1"{. Relish. }Ted. & Demo. for Airborne Electronics

18. Applic. of B_]ur_auey in Saturn 5 Guld. & Control System

19. Heliab. Contrib. of the Pilot to a ImxEe Launch Vehicle Control System

_,. I'ow_rCo_,litionir_ Reliability Improvement _,rou_h Standby Redundnncy
and Automatic _ilur_ Detection

2_1. Electr, udc Component Vibration Sensitivity

,%_. _ SLate of the Art - Instrumentation & Controls

.,. Fai lu,w l_ttuCogpar. Based on Mariner Mars - 196_ Spacecra._t Data
"I

Pz,. Rcliab. Scr_nin_ of Electronic Comma.

P>. Flicht Vehicle Power Systems Rellab. Criteria

26. Method._ of l'redict!_ Combined Electronics and Mcch System Rellab.

_'{. S_utem l_liab. Prediction by _-Amction

•.,_. A Reliab. Model and A_ml. for Pro_ect Mercury

_.). Industrial Electronics Control

30. RASA C_,,trol System Research

_= 3]- _eliab_].Jty Trend Indica%ors WS]OTA-I Program

32. Martix,Co. Reliability Status Report

33. Suzmar.v of _qtan Vehicle Anomalies

• _ Sec 10:nclo.';urc(2)

k i_::'t] f,TS
=

A r_vicw of tim above listed sources yielded tvo sar,qoles of system fa}]ux'e rate
6nt_. These data arc p,_sented in Enclosures (I) an_ (2). _

T.W. KllnefeZter

UNCI_SgI_,lq,:D ! Reliabiligy & Safety Analysis Section ,.

t
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M EMORANDUM

TO: J. Goldin* DATE: 1_ August 1969
., 7850:MOZ_O

FROM: R.E. Lavond*

SUBJECT: Trend Data Program

COPIES TO: J.J. Beereboom*, W.M. Bryan** B. MandeLl*,
: J.H. Rarnsthalere, F. H. Wark*, D. W. Whittlesey*,

_ 7850 Personnel

I ENCLOSURES: {1) Reliability TDP Functions(2) Reliability Comments to Phase I of the Trend
Data Implementation Plan (To * only)

t

t

i
As requested, anticipated reliability participation in subject program is
presented in Enclosure (I}. Cotangents to the first draft of subject imple-

- mentation plan are included in Enclosure (2).

R. E. Lavond
. Reliability

Reliability & Safety Analysis Section
Nuclear Rocket Operations

_t

/ I
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Enclosure 1}_

RELIABILITY TREND

DATA PitOGRAId FUNCTIONS

R,.liability wiU contribute to the IdentiflcMion of Treed Data Characteristics

_rom those parameters identified, in the Failure Mode Atudyse8/uJ critical

p_r&meters, by Enslneerin 8. Quality Assurance, li4aterta_. Stress, Be/ely,

Systems and other contribut|n| disclplINs. Selected TDGo will be further

identified as to period o( Nurveillance: &) thrmqth itroued test|n8 oily,

b) throuBh flisht testin 8.

In cooperation with the above dtscipltlws, ILeliability wiU estab/lsh tnttt&l

limits for TDC identified. Asalytical tools to usess and reusess treads

and trend limits w,ll he developed and documented, aml TDC limits will be

provided for input into suitable documeatattmt aloe 3 with necessary

analytical monitorin 8 and surveiUin 8 tsclmiques. Instrumeeda41oa require-

ments will also be established, at this time, in cooperazioe with ideasQre-

merit personnel.

As testin 8 prosresses, Quality Assurance will be responsible for securln 8,

recordin 8, reducin 8/rod traasmittin 8 results of all TDCs u required by

specification, drawieqj or test plan. Any TDC falling outside established

limits wiU be noted on a seplu'ate °'TDG" Imspectioe Report/rod tr/msmitted

within TB....DDhours of the event per NILP 400 to Prosram Jdaaasnment, Systems

Department Manager, the Reliability Jdaa_er and the TDP J4aaaser.

,_ Reliability wiU act within TBD days to determine, coordinate and report back

on corrective action taken. Such actions will usually consist of checkin 8

to definitely establish a TDC out of control, checkin 8 the control limit for

continued suitability, consulting with affected disciplines to scope the problem

and finally to choose the most appropriate course of action and initiate
corrective action.

b

O_

_b
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RI_I.IABII.ITY COMMENTS TO PHASIC I Or THE TItIDID DATA

PROGRAM UdP_ATION PLAN

t. INTRODUCTION
imaamm,mm• Iiii lml

The sccqw sml purpose e( the TDIP sk4ml4 he speUml art explleltly

i, the tNrodvrttan, such lu;: _glte purpose d the TDP t8 to tdemtfy aml

nmnttor 8elc_l_ll ekihrlJcteriet|cs d die _ _ it8 comFoewnte U • me_

u( det,pctteqtcreeds which m_y tmiieate am•diverSe effect on the reltablUty of

the NNSS. The mcmttortq d theee ckaradertettce wLU be emductml threuSh

aU Idu_, frem raw meseri4d, pre_utq d put* ,rot ueenddy. ,hipl_n|.

kmNUteqt, euorap, checkout aml .ppr_m.

"Vo:" the imrpo4e mr_ iwoer_n, tremd _ ehirlctolr|stics "TDC,"
will be oeJected. The TOCs &re cklLr•_terhities o( the compocwnt or assembly

which wkeu _lyzed (or treed8 wmJidImiic_te ckluiees such u detertor&Uon.

we_r. or ch6nltes in criticaJ proreele8 or procedures. &tRee the champs o(

tnlrrc, st in this prollramn lure th¢N_ which _ tnd_&te adverse chiutl_s in

rrlilAbilily, the TDCe can he thoultkt m[all reUddstUty iedicMors. There are

tvru types of TDes:

•'A. A ciwracterlsttc o( am item wittch een be obeerved on the

same item at 8vcceedtnlt potntmin time to detect thin, tee in the item.

"_. The cl_r_toriettc of 6 cla_s of item0 which cam be obeerved

on items of the same type at & I_Vmn potentin time (i.e.. pi_rt*to-psrt

v•rtAbtlity).

'_[t _ recosntsed that nul_y cl_ractortottcs could fail into both

catesorieo; however, the purpose of the urend _ prosr•m ts prtm_rUy to

observe those clu_racteltstics indicated trader par&Br&ph A. •bov_q, tlu_t is,

those which vary v6tht_ one p_rttculal" component rather than plurt*to-p•rt
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vsrlatlOUo It mast be noted that the items falltn8 under para8raph B. above

ire ¢_m0aly coasider4_ to be quality controlled ¢tlracterintic8 and a8 such

w_,t_|d sot Mc_J88rily bid JJ_l_Jod JJt the TI_ pro81Fsm.

"To f_rtber clarify this point, it mlsht be pointed out that trend data

viii include only the most sllpsiftcest characteristics in vhtch c&--;e8 can

_ndtcste smmethin8 about am item's probability of porforntn8 as required.

It does not include the larks quantities of quality control data which ere "

-ollectod sad analysed for treml8 in the aorusl usnsSement of a quality

control program.

2. T.rmut Da_s Protran Objectives

It is our underotaadin8 from the _ letter that there 8re b881cnlly

s=_nm aspects of the T_ proarem and in that letter Mr. Schroeder spelled out

these seven am bein8 primary objectives to the prosrms. They are:

(l) CouslderstlAm8 in deaf/n;

(2) Comdderatioas in fabrication;

(3) Coesldaratloa8 in test;

(6) Dmr_t¢ollectlou;

(5) Data retrieval;

(6) Data anslysls; 4rod

(7) Feedback to deslsn, fabrication, or test, as applicable.

As indicated In that letter, It was pointed out that items (4) and (5)

were edequstsly covered in the previous ArC propcsal; however, the other flve

items were not covered in emoush detail. It ls felt the purpose of the present 7

i
/uplementattoa plan is to discuss these requirements and to indicate how each ,-

will be satisfied. It Is not necessary to spoU out in thts section the t_

(
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-. responsibility and schedule for each task; hmmver, 8 brief list of typic81

tasks, such as failure mode _lysls, identlf/catioa of criticml cberacter-

tstics, ssasmnmtt of measurommnC capabilitles, etc., should be imcluded sad

referenced back to Flaure 2. the Task Tabulation. imcluded g/th the prelimtury

Implementation Pian.

3. Defimitlmm

-T

It ts recoumended that dafimtt£on8 be uoved from Section 6 to Section 3.

i
It is necesury that the vartoon terms be understood before resdim8 this plan.

. The terms ond defln_tten8 siren are too seneral and are not explicit enough

for this plan.

&. Trend Data ProKram Phases

° This section of the implementation plan appears to be adequate for a

- first draft. I would not st this moment make amy suJaestlons for chanses

other than to comment that the L1nsuage used will have to be ch&nsed to

remove the familiar toot conveyed in the present dra/t.

._ 5. Implementation Plan

" The $eneral consent on this section which was called Section Vl in the

drsft_ is chat five requirements have been identified here. These are essentially

the five items that came out of our previous workims &roup. It seems imperative

that we tie the.se five items back to the basic seven requirements of the

-- SNPO-C letter so that we can show 8 definite tie-in between the two and show
l

how we plan to meet their requirements; otherwise t lucre appear to be some saps

between what we are piannim s to do and what was requested by the Customr.
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It°o 8 little difficult to correlate the f£ve items listed w/th the

se_en requirmmmt8 and to really have • Wm leslie• that w haw severed

_v_.ry item requested. What m to be required here L8 that each of the

seven items prevtouety esut£oeuMI be spelled out In detail so Anyone

readies thin docuusat would understand, at lint in • 8smtr•l wy, Idutt the

intmmt m, how we •_e implores•tin8 much thlIne u the ld_tiftentinm of Che

initial trend data character•ntis• for systems• subsystems, ere.

6. .Trod nat• Protrm hat. ares

In this section, basically m should describe in detail the operation

of esci_ or8anisatton; that in. how it operates presestly within 1_0, and how

these department's orsantsntines or disciplines will interface with one another

so as to accomplish the various tasks (the sewm requirmnts as spelled out

by SNPO-C) of the Tread Date Pronrmm. It stunt be 8hmm hem dentnn enntneerin8.

quml£ty and other disciplines interface with one another, hog a component or
T

system is looked st, by vhon. who decides what thinks ere critical, how critical

peraueters are defined, how these are resolved into • final discrete llst of

critical characteristics to he nonitored throushout the prosrmn, how these

critical characteristics are nonitored from conception stase to flisht,

what d•ta will be collected, hey It will be collected, and how it viii be

controlled, who is responsible for deteratnin 8 the documentation method end i
t.

how those pieces of data which are not considered critical characteristics

will be separated from those that are critical characteristics. Then, i.

it is felt, the customer will be able to understand the AGC-I_O method of

inplenent ins this pronrms. .i
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7. Vii.re I )'low Cl rt
=

No comntents •

The column headed t_chedule" should read 'qJchedule - D_ys Defore

PDR", and within the body of the table, remove aJLI"PDIt" references.
k

A 8eneraIJ suIsestion wotaJdbe thakt instead of the five items hetn I shown,

the seven items stijxdated by INI:qC)-C a|&in be spelled out 8o that our

* implementation amd compliance with those requirements will be n_de c|e_'.

i Our 8eMr_ concern remains: non, here luwe we st&ted the relation-

ship of this prosram to the N]I_VA Pro|ram Pllm, Keli&bility Prograxn Plan,

Quality Program PJsn, a_(_ 811 the other upect_ of the existin| NERVA
ProRra_n, which could be i_,pacted by the Trend Da_ Program. It is

" necessary somewhere (and probably in the scope of the statement) to indicate

" exactly what this relationship is: i.e., is the Trend l_tA Prosrarn an

- extension of the existin 8 NEItVA Prosrsum, or does it fall within the scope

of that prosram? It would appear desirable to spell out in some detail the

responsibilities of, and the responsible individuals on this progra_n, and

.. exactly how this program will be handled from a priority standpoint. It _i

may be necessary to stop NEI_VA testing because some Trend Data p_rometer I
cannot be monitored. How would this impact the overall proEram? It is !g_

suggested that this be spelled out so that the Customer wIU know exactly

what costs are involved in the overal/program.
_v

- The current reliability commitment is to complete Failure IVio_e

-. AnaJyses 30 days prior to PDR.

- .//
o,

..... Ip
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J.J. Bcereboom, W.M. Bryan, J.L. Dooling, R.V. Evleth, B.lvlandell,
A. 1. Mihanovich, D.E. Price, J.H, R_msthaler, G.L. Ryland, W.O. Wetmore.
:V. F. Herwig (kGC-Washin W.L. Sna veland), CAD l;iles

?.6 August 1969
?U0:/.0/SZ

_tr. D. Gebrtol

AECoNASA |lM_e Nu_l_l_, hpGiioa _ke
U. S. Atomic g_rlY Commission
_f_Jhteqpoe, D. C. 1054S

_d_Jntlo_ Col. R. S. Doc.kor

$abJoct: Review of '_oedldsnce Level tn Syete[,I Reliability I[stima_es"

Reference; (&) SNPO Memo, R. S. Dochor to AGC. J. H. Ra_stJm_r.
did 18 July 1969, 8.me kbJoct

De_ _. Gabriek

A miow h_ boon made d the report '_oedidence L_vol in Systmn
koU&bility _tim_ee" which you trgmsmttted. The repoM represents an
luterootiq &ppro_h to the problem of cou/idom:e interval estimates
usoct_tod with systems, and supports on1" current approach of coacentr6ting
on developing co-fldcnce _t the faunae mechanism bevel. The subject
method indicated thJt, contr_y to the IAoyd and Lipow "apportionment
,,method", our approach is coaoorv_ive &nd that if we assure 905_ confidence
at the pert moch_lom level, the overall system confidence level wiJl be
considerably hijher th_ 90_.

It Is felt, however, ti_t the genor_ applica_ion _f the resuJLts of the
report 6re unnocessa_rUy restricted by the usmnptioas made concerning
norm_lity. The attached enclosure presents some possible suggestions for
obvietin 8 those restrtctions and making the/m_ysis in the report more
general. Utilizing theme sujeestiorm . it is felt that the sa, ne conclusions
would be derived.

Very truly yours,

AEROJET-GENEKAL, CORPORATION ,

Original Signed By
/i. O. _ietmore _
Manager

AJM:bJd Nm_lear Rocket Op_r_tions i

Enc|osure: (1) Comments _nd Suggestions to "Confidence

L,evel in System Reliability Estitr_tos" _ ,

cc: Dr. L. Nichols, SN_>O.C _" i
l_tar 4. M. Carness, SN}OoC Reg. Kep. st S_cra_ento i
/dr Horton, _ANL {- i

Mz Wagner, ,VAN[, _"_/_" UNCLA3SIFIED / -- . I!
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Enclosure (I)
7850:L0252

J

COMMENTS AND SUGGESTIONS TO "CONFIDENCE LEVEL

l
IN SYSTEM REI,IABILITY ESTIMATES _'

t

1
The analysis performed in the subject report was based on several assumptions.

i These i:,cluded the following:

i !. _.he distribution of the estimated reliability values for each cf the
cornponer_ts was normal.

i 2. The system reliability, estimated as the product of the component

reliability values, is also normally distributed.

With refcre,_ce to assumption I. above, the distribution of the estimated relia-

bihty values for any sample size would probably approach normality only-ifthe

truc component reliabilitywas approximately O.50. Since generally components

with true reliability values greater than 0.99 are utilized, the distribution of

estimated component reliability values is b _ehly skewed. The skewness does,

however, decrease with increasing sample size.

Assumption 2. above is not a true general statement. Even if 111 and 1t 2 were

normally distributed, the product R1 " 1t 2 is not necessarily normal.

The above assumptions restrict any general conclusions which could be derived.

To resolve this, the following suggestions are offered:

i. Consider the use of the Tchebysheff inequality to derive the confidence

statements.

a. Under this approach, the only restrictions imposed on the

distribution of 111 and 112 is that they have finite means and variance.

" I
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The Tcheuysheff inequality states that _nder these restrictions of finite mean

and variance

1

where:

K>O

this inequality holds for any distribution with finite meaa and variance. Use

of this inequality permits any value of K to be selected for each component to
1

produce any desired confidence level, 1 - ..-:./. This obviates the necessity for
K

assuming normality for either of the components. The confidence intervals

for v. 1 and R z would still be ]_1 - K_I and 1_.z - K _Z respectively as indicated

in the report.

b. The distribution of R 1 R z would also be unrestricted, except
for finite mean and variance. The confidence interval for this distribution

could be expressed as _'1 " _Z - X_lz' where the confidence level associated

with X would be a_ given as the Tchebysheff inequality.

c. Use the general distribution free formula for 6"lZ rather tha_l

the formula used in the report which is only valid for normally distributed

variables. The following formula could be used:

= 2 +
lZ _1 l_zZ °_zZ _1 Z

d. Follow the same argument as that presented in the report to

arrive at very similar conch,sions.

Z. As an alternate to the Tchebysheff inequality, the Camp-Meidell

Inequality could be utilized.

a. Under this approach all distributions _vould be assumed to be

unimodal with finite mean and variance. In addition, it would be necessary to
o .

J

I
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assume that the mode of the distribution is withiL_ 6" of the mean (i. e., the

skewness as measured by (mean-mode)/C would be loss than or equal to l}.

This inequalitystates that

i I ..P ( IY-_"_-x_ )_ z.zsx"

b. The use of thisinequalitywould result in narrower confidence

intervals, which is really o_ no importance to +.heargument. Subsequent steps

wottldbe identicalto those suggested above.

Since itappears thatthe conclusions reached in the reference report would be

t_nchangedby the incorporation of the above suggestions, ,.e assessment tech-

niques presently planned for use on components in the NERVA Program would

be expected to produce conservative results at the system level. As such, the

NPRD confidence requirements for reliabilityassessment would be satisfied.

Z,

I-

1

e
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MEMORANDUM

I0: R. _. &ckerman DATE: 23 September 1969
7850:M0285

FROM: A.J. Mihanovich

SUBJECT: Nozzle Tube Thermsl Fatigue Test Plan

COPIES TO: J.J. Beereboom, W. M. Bryan, D. Buden,
E. V. Krivanec, J. H. Ramsthaler, E. A. Sheridan,

L. A. Shurley, F. C. Vails, J. L. Watkins
NTO: W. H. Bushnell

REFERENCE: (a) Technical Directive No. 28, Criteria and Materia/s
Properties Data Book and Design

ENCLOSURE: {1) Statistical Test Plan -- Nozzle Tube Thermal
Fatigue Evaluation

The purpose of this memorandum is to formaltze verbal agreements
r,,_t_-hed concerning a test program to determine thermal fatigue properties
of the NERVA nozzle tube._.

A proposed statistical test plan is presented in Enclosure _-n:_- The test
: pla,_ const_ts of a series of tests-to-failure conducted at various combinations

f,f tsobe R/t ratio, tube wall temperature, and hold period duration. To comply
with cus'omcr direction, the plan has been designed to satisfy the requirements
_,_'ifi,,d in Reference {a). In addition, the plan has been designed to permit
prelirmrl_ry analyses based on partial completion of testing and test plan
r, direct.ion or modification as a result of the preliminary analyses.

A. J. Mihanovich

Reliabilit_
Reliability & Safety Analysis Section

: Nuclear Rocket Operations

I _10$ CAT_G0W/1
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STATISTICAL TEST PLAN

NOZZLE TUBE THERMAL FATIGUE EVALUATION

i. INTRODUCTION

Tlw cool_nt tubes utihzed in the NERVA nozzle consist of U-shaped

pass_g_.s attached to _he nozzle wall. The material from which the tubes are

fabricated is CRES 347 stainless steel sheets. Since Ld_l2 flows through the&
tubes while the external walls of the tubes are exposed to the hot gases flowing

through the nozzle, a temperature gradient is established across the tube wall.

U tile tubes are subjected to thermal cycling while exposed to a sufficiently high

temperature gradient, tube rippling, followed by tube bucklin s. and eventually,

: tube cracking could occur.

A statistical/¥ designed test program has been proposed to evaluate the

susceptibility of the current tube design to this thermal fati{_ae phenon'.eaon.

A secondary purpose for the test progra_ is to establish the estimated "critical"

Rlt curve for CRES 341 stainless steel. This curve theoretically defines, as a

function of the tube temperature gradient and tube R/t ratio, the region wherein

thermal fatigue can be expected to r_:cur.

II. METHOD OF TESTING

For each test condit,on, the test item will consist of a bundle of 6 U-tubes

mounted on a one-inch thick steel plate. Nozale temperatures on the exterior of

the tubes wiU be simulated by using a Quartz lamp mounted above the tubes.

Bulk flow temperatures within tLe tubes will be simulated by flowing LHE art the

appropriate pressures through the tubes.

III. TEST PLAN

An estimated "critical" Rlt curve fir CRES 347 stainless steel h_ been

postulated. This curve (Figure I}, in conjunction with the dimensional specifica-

tions and expected operating regimes of the current design, formed the basis for the
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III,Test Plan (cont.)

test plan. As indicated by the curve, it can be expected that increases in R/t

:a,_o atld/or tube temperature gradient, AT, result in increasing propensity

toward tube rippling, buckling, ar.d cracking. Although this curve is theoretical

a,d as such only an imprecise estimator of the true critical R/t curve, it

serves a useful purpose as an initial basis for the test plan. The test plan was

designed, however, so that it can be readily modified in process i: the initial

assumptions {location of the curve} proves to be significantly in error.

The primary influencing variables to be evaluated in the testing include:

a Tube temperature, AT, designated as T.

b. Tube R/t ratio, designated as R.

c. Duration of cycle (hold time at specified test condition}, designated

as H.

Three levels of tube temperature AT will be evaluated: 1350"F, 15Z5 "F,

a.,d 1700"F. These temperature levels bracket the current design point AT of

1400"F.

Three levels of tube R/t ratio wiU be evaluated: Z3.7, 18, and IZ. The

current design point R/t ratio of Z3.7 is included in the group.

In additio:_, three levels of hold time at specified AT wiU be investigated.

These include: 5 min., 15 min., and 30 sin. These hold times generally

bracket the thrust times anticipated for currently proposed NERVA missions

The response variables of interest at all of the test points are:

a. Total accumulated cycles to tube buckling.

b. Total accumulated time to tube buckling.

c. Total accumulated cycles to tube cracking.

d. Total accumulated time to tube cracking.
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III,Test Plan (cont.)

The proposed test matrix of 45 tests is presented in Tal_le 1. Each

test ,viii consist of repeated cycling at the specified test conditions. Testing

,bf e.tch test unil will be termi lated at the point at which a single tube of the

_,)ul:dle of six exhibits cracks or 50 cycles whichever occurs first. The 50 cycle

test truncation point has been selected arbitrarily as a reasonable maximum

number of cycles to which a test specimen should be exposed.

The test points were selected so that a statistical analysis of the

rcs_itant data cou:d be performed. In addition, the test plan l_s been designed

to satisfy the requirements of Technical Directive No. 28, Crlteria for Materials

Properties l_ta Book and Design. The Qertinent requirements were that:

a. Mean values for each lever of a primary variable (in this case -

R/t, AT and hold time} n_ust be determined from at least 8 values,

b. Estimates of the random variance for the measurement of interest

must be determined from at least 15 degrees of freedom.

The first requiremer_t was satisfied by establishing a ba/_mced factorial

type experiment. The second requirement was satisfied by providing for repli-

cation at six of the test conditions and assuming that the random variation would

be homogeneous over all test conditions.

The testing has been designed so that preliminary analyses may be

performed following the completion of a portion of the tests. The preliminary

analyses will permit decisions to be made as to whether to continue the testing

as originally planned, or whether to chan_c- the test levels of subsequent tests,

or whether all of the replication initially planned is required. In addition, it is

planned that the test conditions juclged to be most severe should be conducted

first. If the cycle fifes observed on these most severe conditions closely _

approach or exceed the 50 cycle truncation point, then the succeeding less severe

tests should be revised since the results of the less severe conditions could be

expected to exceed 50 cycles,
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IV. METHOD OF ANALYSIS
• J

1"i._ test data resulting from the testing will be initially analyzed by

\,alysis of Variance techniques. The analysis of variance will permit the

statistical evaluation of the effects of the main test variables (tube RIT, AT

and hold time) and their interactions upon tube life. |n addition, an estimate

of the random variation in tube life at any test point will be available. The

_tnticipated ana/ysis of variance table with a listing of the sources of v&riation

and associated degrees of freedom is given in Table 2. It should be noted in

Table 2 that 18 degrees of freedom are associated with the error or random

variation, thus complying with T.D. _Z8. It is expected that some r the iner-

actions terms may prove to be negligible, and their degrees of freed_ .n may be

combined with the error degrees of freedom to provide even more degrees of

freedom for the error or ra,xdom variation.

The time/cycles to buckling (for all six tubes in the bundle} and to

cracking (only for the first tube in the bundle to crack} will be _-.'_:orded at each

test condition. The result wig be response surfaces relating R/t ratio, AT,

and hold time plus any significant interactions among these to tube life in terms

! of either buckling or cracking. The response surface can be used to evaluate

the accuracy of the curve presented in Figure I. In addition, the response

surface can be used to estimate nozzle tube reliability at each of the test points.

Assuming a mission requirement of ten thrust cycles, the probability of com-

pleting ten cycles without failure can be calculated using the test results at each

of the test points. For example, based on the test results, an expected life can

be estimated at each test point. Assuming cycles to failure are normally dis-

tributed and using the random variation to estimate the standard deviation of

cycles to failure, the area under the failure distribution to the right of I0 cycles

provides an estimate of the reliabilit 7 of a nozzle tube designed to the specification

defined by the test poi,t. Th_.s is graphically presented in Figure Z.

Finally, if reliability values are calculated at each of the test points,

a_ described above, a reliability response surface can be defined. This surface

would provide estimates of nozzle tube reliability as a function of R/t ratio,

tube temperature &T, and cycle hold time. ,.

!
qw t

i

t -
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Table I

PROP(_ED TEST PLJU_
,,| i , ,i , ,,,

Cycle Tube Rlt Ratio
Tube Temp. Hold Time
, AT_'F) _ (Mi..), z3..._Z is l_.Z

5 Y,X XX X

' 1350 15 XX XX X

30 XX XX X
4

,s i _ i

t
' 5 XX XX X

15Z5 15 XX XX X
[

30 XX XX X

,|, , |

5 XX XX X

1700 15 XX XX X

30 X3C XX X

-, NOTE: Each X in the _.bove table indicates one tube bundle
tested to cracking or 50 cycles, whichever occurs
first.
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Table 2

ANALYSIS OF VARIANCE" TABLE

Source of Degrees of
Variation Freedom

i |

Main Effects

R/t Ratio, R 2

Tube Temp. ATB T 2

Cycle Duration, H Z

Interactions

RxT 4

RxH 4

TxH 4

RxTxH 8

Random E_'fects 18

t Total 44

i.
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MEMORANDUM

TO: b.D. Johnson DATE: 22 October 1969
7850:M0306

FROM: A.J. Mihanovich

SUBJECT: Statistical Input to Genera/Valve Test Program

COPIES TO: J.J. Beereboom, W. M, Bryan, D. Baden,
J. M. KAacking, K. P. Oldenburger, B. Mandell,
J. H. Ramstha/er, E. A. Sheridan, A. G. Spears
NTO: W. H. Bushnell

ENCLOSURE: (I) Inputs Submitted for Inclusion in the Genera/
Valve Test Program

i

The attached enclosure formalizes the statistical inputs submitted toDepartment 7770 for inclusion in the genera/valve leakage evaluation test
program being developed by Department 7770. The inputs include two test

r plans -- one for preliminary Phase I testing, and a second for more detailed
, Phase II testing. In addition, general writeups developed to suit the test

program outline prepared by Department 7770 are presented. These include
sections on Statistical Considerations, Statistical Analysis of Test Data,
Determination of Threshold Values and Allowable Limits for NERVA Values,
and Integration of Test Results to New Design Criteria.

The variables used in the test plan were defined by Department 7770.
' In a previous attempt to statistically analyze seal data (the Apollo Bipropel-

lant Valve) additional variables were considered. These variables may
have a significant impact on sealing capability and thereby mask the effects
of the variables considered in the enclosed test plan. It is suggested that

-_ careful consideration he givento the following variables, as well as others,
and that each be carefully controlled as constants or variables:

.. Sea/load during cycling as well as during leak check.

Initial and final surface finish.

Temperature of seal retainer and seat.
_s

Compression set of seal and/or closure.

Impact force of seal against seat.

' Deflections of shafts or other moving parts under load.

It is recommended that the above factors be considered in the planned
revisions of the test program.

s,*,cA,n._ A.J. Mihanovich

CLASSIFIED I Reliability

°_'_I Reliability & Safety Analysis Section
--/._ Nuclear Rocket Operations
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II. TEST PROGRAM DEFINITION

A. STATISTICAL CONSIDERATIONS

I. General

In any test program where the effects of a large numbe.-

of variables are being investigated, a systematic procedure is mandatory to

a_sure meaningful results. In the past, one common experimental approach

has been the so-called "one at a time" approach. This kind of experimentation

would study the effect of, for example, varying the first variable at some

to.stunt level of the second variable. Then the effect of varying t'e second

! variable at some constant level of the first variable would be studied. Thus,

factors would be varied "one ,Lt a time". The results of such an experiment

are fragmentary in the sense that one has learned about the effects of the

variables only at fixed levels of the other variables. However, there may be,

in statistical language, an interaction effect between the two factors within the

range of interest, and the "one at a time" procedure does not enable one to

detect it. Statistical test planning methodology provides a comprehensive

procedure for resolving this problem.

In genera/, statistical test planning concepts provide a syste-

matic and mathematically sound basis for the following:

a. Specifying test objectives to assure that the purpose of

the testing can and will be satisfied,

b. Analyzing the methods of testing to assure that variations

extrant.ous to the testing planned will not confuse the test results,

c. Selecting the test condition so that the effects of the

variables under evaluation and their interactions can be estimated, and
-i

d. Defining prior to the start of testing, the methods for

analyzing the test results.

QJ
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II.A, Statist_,calConsiderations (cont.)

As a result, statistical test design principles were utilized

to define tile general valve test program.

2. List of Variables

The variables of interest in the valve leakage evaluation test

,. program include the following:

a. Velocity of particle contaminants

b. Quantity of contaminants

c. Valve seat angle

d. Seat contact width

" e. Contaminant pr.rticlesize

f. Contamination rate

g. Temperature of medium

h. Contaminant particle hardness

i. Seat/seal material combination

If two levels of each of the above variables were selected for

investigation, a total of 29 = 512 tests would be required to test at all of the

possible combinations of the nine test variables. Conducting such a volume of

test would nat only be prohibitive from the cost standpoint, but it would also

' result in a highly inflexible test program with no opportunity to revise tests

scheduled for late in the test program based on initial test results. The proposed

test plan has been designed to obviate these problems.

3. Approach and Assumptions

Among the approaches that can be utilized to evaluate the

effects of large numbers of variables are:

a. Perform a broad preliminary survey of all of the :

variables of interest. Analyze the results; then discard the variables concluded _

to have insignificant effects on the test responses. Conduct a more detailed test

_ J
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lI. A, Statistical Considerations (cont.)

program c r the surviving more important variables. Such an approach would

b_, based on the use of Fractional Factorialsj whereby a fraction of the total

possible tests are statistically selected for prehmlru_ry testing. The tests

arc selected so that the main variable and interaction effects can be evaluated.

These evaluations are then used to plan the subsequent tests in greater detail.

As an exam pie of the magnitude of testing required

for the preliminary survey, assume nine variables are to be evaluated. A 1/4

fraction or 128 tests of the 512 tests possible would be required to permit

preliminary evaluations of all nine variables and their primary interaction effects.

b. The amount of testing required in approach a. above

can be significantly reduced if there is reasonable evidence to indicate that the

effects of some of the variables are independent of the test leveh_ of other varia-

bles (i.e., they do not interact). Phase I testing would then be a preliminary

evaluation of one group of variables, and a second phase of testing would be used

to evaluate the second group of variables at selected levels of the Phase I variables.

The approach selected for the valve evaluation is

approach b. In the initial Phase I (Table I) seven variables would be investigated,

each at two levels. These are particle velocity, particle quantity, particle size,

particle hardness, contamination rate, zeal angle, and seal width. The other

two variables would be fixed at selected levels. In Phase II (Table 2) the primary

'i design variables (seal angle and seal width) would be evaluated in conjunction with

i contamination rate at cryogenic temperatures at three seat/seal configurations.

,_ The particle velocity, size, quantity, and hardness would be fixed at levels

determined from Phase I results.

The critical assumption in this sequential type testing

is that the conclusions derived during the initial phases are valid for the other

test conditions utilized in the latter phases. For example, the effects of particle

hardness, evaluated during Phase I, will be based on testing the hard/hard :

seat/seal combination. It is assumed that the conclusions concerning the particle

hardness at this seat/seal combination will apply to the other seat/seal combina- i.

: tions. [.

4
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lI. A, Statistical Considerations (cont.)

AdditorLal assumptions made are as follows:

a. Each test response will be defined by a continuous

type variabte(s ).

b. The random variation will be constant over all test

t combinations.

c. Since only two lev-.'Ioare t_tilizedfor each variable,

the responses are essentially linear from one level to the next of each variable.

d. During Phase I +esting, a I/4 fraction, _.Z, of the

27 --128 possible tests, is proposed. The reduced testing was achieved by

ass_mia_ that some of the possible interactions will net occur. These are

velocity x size, velocity x rate, velocity x quantity, size x rate, size x quauttty, _

and rate x quantity. Itis feltreasonable to assume that these interactions are

highly improbable. All other two-way ittteractionsand the main effects of the

s_'vrn variables are estimable, however.

Wherever feasible, the sequence of testing within a phase

will be randomized. This will minimize the effects of e:_traneous variations

(such as day-to-day or test operator differences) which could affect the conclusions.

i

!
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v. ADAI_ATION OF TEST RESULTS TO NEW DESIGN

A. STATISTICAL ANALYSIS OF TE_'T DATA

The test plans developed for Phases I and II were designed so

that analysis o, _ variance techniques can be utilized to analyse the test results.

The analysis of variance is a statistical computational procedure whereby the

total variation in a set of data (test results} is divided into meaningful parts.

For example, the total var_%tion is divided into variations attribut_d to changes

in level of Variable A, B, C, etc., and changes in levels of A and B in unison

(interactions of A and B) etc. These variations due to the main v_riables and

th_.ir interactions can then be statistically tested to determine if they are in fact

rL-al or could in reality be due merely to normal random variations generally

observed in a set of data. This is accomplished by estimating the amount of

change in response caused by changing from the low level to the high level of a

variable. This change in response is called the "effect" of the particular variable.

(For example, the effect of contamination rate is defined as the net change in

leakage caused by changing from the low level contamination rate to the high

level contamination rate. ) This effect of the variable is then compared with the

amount of difference in response (leakage} which could be attributed merely to

t, _t-to-test variations. If the effect of a variable is significantly greater than

the test-to-test variation, then the effect is judged to be real; however, t_ the

,-fleet is within the "range" of the test-to-test variation, then the variable is

no, cot, sidereal to have a significant effect upon the response (leakage).

In general, the a11alysis of variance will provide the following:

I. Estimates of effects on the response of changing levels of

c_tch of the variables.

2. Estimates of the effects on the response of interactions of

tht, variables.

3. Statistical tests of significance to determine if these effects

ar_" real or could be due merely to random variation.
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V. A, Statistical Analysis of Test D_ta (cont.

4. Estimates of the random variatlon in ,'.1141dl_ (faMlt-_o-teM

variatio., due to extraneous cmalles).

Normally, the random variation is estin_ted by conducting
i

, r_-peated testing at the same test condition and observin 8 the variabilit 7 in the

results. The standard deviation of this random variation is hereir, desigr_ated

j as Sw. The testing proposed in Phases I and II does hoe allow for any re_e_ted

testing from which to estir_tate Sw. However, in analyzin E the results _f tests

i with large numbers of v&rL_bles (such as in Phases I and II), the aualysis of

variance procedure permits the estimation of the effects of high order ir_ter-

actions, e.g.. the _nteractiem among variables A. B. C, E, and F. The usual
assumption is that high-order inter•tricing are physically impossible, and that

, the estimates so labeled are actually estimates of the random variations. For

the analysis planned, all third (three factor) and higher order interactions -Nill

be use d to estimate the random variat/on.

i .
In addition, based on the above analysis. • mathematical :r

t

model of the form presented below can be developed:

':, Y-M +KiA +Kzn + ---+_ (A-._)+ (.
i where: Y - response (for example, leakage)
: j.0

i M = overal/average response (average observed
: leakage over all test conditions)

j _ K i - effects of the variables (these could also be
: considered as iedfluence coefficients for each
i of the significant variables and their inter-

actions)

j A, B, = levels of the variables, A, B, .....
: (-1 would refer to the low level, �ˆrefer
i "- . to the high level of • variable. For example,
, -1 wo_ ld refer to the lower velocity and +1 would
! refer to the higher velocity)
!
!

:. This model can be used to predict the expected response for
t

; -' various combi.ations of the test variables. Also, for each predicted response

! at each set of test conditions, the random vauriation described in pars. 4. above

and determined from the analysis of variance can be used to establish + limits

i " about the predicted response. ]'or example, to predict the response at the low
!

'.  25/
t
!

- e- !" -I ,- l_1 II"
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V. A, Statistical Analysis of Test Data (cont.)

It,vels of variables A, B, and C and high levels of variables D. E, and F, the

values -I, -I, -I, ˆbe input into the model (I) above for A, B, C.

! D. E, and F respectively. The resultant valce. YN' would be the expected

r_-sponse for this combination of variables. Although YN would be the expected
response for the specific test combination, the actual response would tend to

vary about this value due to random variations.
B.

Assuming the responses are normally distributed and Sw

is the standard deviation of the responses developed from the random variation.

a distribotion of responses about YN would result. The proportion of this
t

distribution within the specification limits for the res[_nse would give an estimate

of the reliability with respect to the specific response at the test levels utili,-ed.

T;sis is graphically shown in the following figure.

Development of Reliability Values

.- ---- -*'-:_ _ ; _r .... " " " "
Jk; • • .

| ."

i -- - ---- - ; ...... ,-_.'.- ......

| The area under the curve to the left of S I would provide an
estimate of the reliability (probability of not exceeding the specification limit}

at the specific test variable combination.

B. DETERMINATION OF THRESHOLD VALUES AND ALLOWABLE

LIMITS FOR NERVA VALVES

Using the results of the statistic&l analysis described above, the

eff,:cts of the contaminant combinations (quantity. rate. size. hardness, and

velocity) upon valve configuration could be studied. The relative capability for

each design configLsration to withstand various levels of contamination could be

estimated. These would establish threshold or allowable contamination limits
!

for each design configuration. The most promising design configuration(s) could

: _

 -3z ",,e-

k.

" ................................... -- ............................................................ -'; ' -' _ ' ' '--" "' "'"_..........." "' .............. "-T•"P"-""" ....
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V. B, Determination of Threshold Values and Allowable Limits for NERVA i
Valves (cont. }

t|.-n bt. sl'lected for further ,_;'_uAtion. In addition for each configuration the

estimated reliability values could be compared to required reliability values to

d,,tcrmitiL" design acceptability from the reliability standpoint.

C. INTEGRATION OF TEST RESULTS TO NEW DESIGN CRITERIA

The ultimate use of the test results would be to suggest new

d_sign criteria. For example, the threshold contm_ination values could be used

to establish control limits on permissible contaminants or would define the

filtering requirements. Since the relationships would be established between,

| for example, seal width and leak_gt: _-esponse, the test results would

indicate the magnitude of seal width which should be cc, nsidered in subsequent

' design optimization. Similar analysis would apply to the seal angle. The effects

of the other test variab.: es such as particle velocity and hardness should indicate

' the design criteria requil ed to control these variables.

-- 1 r........ __ ..... "." ": .2_::'L'_: .... -" .. ._
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PHASE I TEST PLAN

VELOCITY

V I V 2
; Siz_ Size

i sl si Sl sa
S,,al Seal Rate Rate Rate Rate

Width Quantity Angl.____.eHardness _"-_2' _ _'_

AI HI X i X
H2 X X

Ql "

AZ HI X X
H2 X X

W 1

Al HI X X
H2 X X

I:12

H1 X X
A 2

HZ X X

A1 H I X X
H 2 X X

Ql

A2 HI X X
H2 X X _,

W2 ,,

AI HI X X i
H2 X X I

Q2 o

A2 H1 X X 1
HZ X X _t

Table I
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PHASE |I TEST PLAN

SE &T/SE _, T, CON._'_IGURATION

cl c z c 3
Seal Width Seal Width Seal Width

Seal Particle .... W
Size WI W2 WI W2 WI

X X X X X XS1

A I Sz X X X X X X

S3 X X X X X X

S 1 X X X X X X

Az S2 X X X X X X

S 3 X X X X X X

SI X X X X X X

A 3 Sz X X X X X X

S 3 X X X X X X

"" Table 2

V
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MEMORANDUM

TO: A.J. C:ianuszi DATE: 29 October 1969
7850:M0316

FROM: A.J. Mihanovich

SUBJECT: Review of Proposed Test Program - Physical Properties,
Young's Modulus and Poisson's Ratio

COPIES T_. J.J. Beere_oom, W. M. Bryan, D. Buden, C. W. Funk,
R. B. Glasscock, J. M. Klacking, B. Mandell,
J. H. Rams_er, E. A. Sheridan, 7850 Personnel
NTO:. W. H. Bushnell

REFERENCE: (a) Memo, A. J. Gianussi to I. L. Odgers, dtd 10-9-69,
Subject: Physical Properties, Young's Modulus and
Poisson's Ratio

ENCLOSURES: (l) Alternate Test Plan I
{2) Alternate Test Plan 1I

A review has been made of the test program proposed in Reference (a).
It is stated in Reference {a) that 'tit is believed heat-to-heat and within-heat
variations in E (Young's modulus} and/uL (Poisson's ratio} will be quite small
so that a minimum number of specimens will be tested". In addition, it is
stated that '_l'hese measurements and other statistical studies are expected to
indicate typical '_hree sigma" variabilities .... ".

The test plan, as presented in Table l of Reference (a), does not permit
an estimation of within-heat variations and only a cursory statistical analysis
can be performed to estimate the heat-to-heat variations, the effects of the
anisotropy and the effects of the heat treatment.

A more comprehensive statistical analysis could be performed if the pro-
posed testing is modified as presented in Enclosure (I) or {2). In Enclosure (I),

• Alternate Test Plan I is presented. Under this test program, a total of 18
specimens from three heats would be tested {as opposed to 16 specimens from

_ four heats in the Reference (a) test program. Alternate Test Plan 11, Enclo-
sure (2), provides for testing 24 specimens from four heats. Both test plans

i would permit a statistical analysis to be performed to estimate the effects of
heat treatment and _misotropy. In addition, estimates of heat-to-heat and
within-heat variations would be provided. If such information is desirable,
Test Plan 11 would provide a better estimate of the heat-to-heat variation than
Test Plan I since four heats are sampled rather than three.

If a statistical analysis of these variables is desired, it is suggested that
consideration be given to modifying the testing currently planned to :;ouform to
plans such as those presented in Enclosures (I) and {2).

Reliability & Safety Analysis Section

1976068581-253



i

unou_u_(I)
7850:M0316

ALTM_TI_.TESTPI_ l
t
f

!
I

1976068581-254



7850:M0316

LI,T_'E 'II_T Pl,ldi lI

:t

orl_t_&_m,

J

l_,_t Tmaumt A B A m A a
1 Z • X • X •

2 X • Z X X X

• Z • Z • •

I_ • x x x x x

4 .
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MEMORANDUM

TO: J.L. Watkius DATE: 12 November 1969
7850:M0335

FROM: A.J. Mihanovich

+ SUBJECT: Statistical Analysis of CRES 347 Forging Data

COPIES TO: J.J. Beereboom, H. Benenson, W. M. Bryanj D. Buden,
", N.A. Coronado, W. I. Emmons, C. W. Funk, R. B. Glasscock,

J. M. Klacking_ C. K• Leeper, B. Mandell, I. L. Odgers,

J. H. Ramsthaler, E. A. Sheridan, L. A. Shurley,H. W. Spaletta, S. A. Varga, 7850 Personnel
NTO: W. H. BushncU

!

REFERENCE: (a) Memo 7850:M0282, dtd 19 Sept. 69, A. J. Mihanovich
to J. L. Watkins, Subject: Preliminary Analysis of
CRES 347 Forging Data

I ENCLOSURES: (I) Tensi?.e Specimens, S/N 27; Circumferential,
Axial and Joint Orientations, Yield Strength (KSI)

[ (2) Tensile Speclmens, S/N 33; Circumferential,
+ Axial and Joint Orientations, Yield Strength (KSI)

(3) Tensile Spcclmens, S/N 21; Circumferential,
Axial and Joint Orientations, Yield Strength (KSI)

T (4) Tensile Speclmens, S/N 27; Circumferential,
$

_" Axial and Joint Orientations, Percent Elongazicn i
+ (5) Tensile Spcclmens, S/N 33; Circumferential, _

Axial and Joint Orientations, Percent Elongation
+ (6) Tensile Specimens, S/N 21; Circumferential,

Axial and Joint Orientations, Percent Elongation !
(7) Statistical Analysis of Individual Forgings, Yield i

.. Strength (KSI) :

(8) Statistical Analysis of Individual Forgings,
Percent Elongation !

Introduction

A serics of mechanical properties tests have been conducted on tensile
specimens resulting from the sectioning of three nozzles forged from CRES 347.

.. A statistical analysis has been performed on the results of these tests. The
mechanical properties analyzed include yield strength and percent elongation.
The purpose of the analysis was an attempt to develop ?c)_0 probability at 95_
confidence level (?9/?5) values for these properties to provide initial design data

"" for CRES 347.

Data was available from three forgings - S/N ZI, S/N 27, and S/N 33. It is
. understood that S/N 27 and S/N 33 were supplied by one vendor while S/N 21 was

supplied by a second vendor• The data analyzed is presented in Enclosures (I)
through (6). The results of a statistical analysis performed on a portion of this i
data was prcscnted in Rcferencc (a). This report is a brief presentation of the I
results to date. A final report of these results and the results of additional
analyses planned will be prese_,tcd at a later date.

t

1
I
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J. L. Watkins - 2 - 0 12 Novernber 1969
7850:M0335

Method_of Analysis

The method of analysis used is described in Reference (a). The basic steps
followed were:

a. For each sample of data at each temperature level at each orientation
for each forging, the data was tested for normality. This was accomplished by
plotting the cumulative distribution of the data on probability paper and observing
whether that data was approximately linear. In those cases where the data was
judged non-linear, a logarithmic transformation was used to normalize the data.

b. Means and variances were calculated for each sample of data.

c. Test results at a common temperature_ common orientations and frorr_
a common vendor were compared Io determine if the within-for_in_ variations (S _)

were statistically similar (he"mogeneous). In those cases where thc S 2 were no_v "
statistically different, the results of the two forgings were combined (_ooled).

d. _ 99/95 valucs were calculated for all samples. These values are desig-
nated as X-KSt

where: X = mean of the sample of data,

K " tolerance factor associated with 99% probabilities a11d
95% confidence, and

S = standard deviation of the data sample.

Results of the Anal_.sis

The results of the yield strength analyses are presented in Enclosure (7).
The results of the analysis of the individual samples arc presented on pages I and
2 of Enclosure (7). Since these analyses consider only the results at each individual
temperature, at each individual orientation, at each individual forging, the 99]95
(X-KS) values presented reflect only within*forging variations. On page 3 of Enclo*
sure (7) are presented the results where combining (pooling) of separate forgings
was permissible. In these cases the standard deviations presented (So) reflect the
combined within-forging and between*forging variations, and the 99/95"limits

(X-KSG), consequently, allow for both of these sources of variation.

Similar results are presented for percent elongation in Enclosure (8). The
individual analyses are presented on pages I and _ and the combined analyses on
page 3 of Enclosure (8).

In both Enclosures (7) and (8), results derived by utilizing the logarithmic "
transformations of the data are indicated by asterisks.

For design purposes, it would be desirable to have minimum design allowables ,-
(99/95 limits) which reflect both sources of variation - within.forging and among-

forgings. As indicatcd on page 3 of Enclosure (7), reasonable 99/95 limits fox _
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J. L. Watktns - 3 - 1Z November 1969
7850:M0335

yield strength are available only at -100°F for the circumferential and axial
orientations, and at room temperature and 600°F for the axial orientations. In
all otht.r cases j either the within--forging variations were non-homogeneous and
this precluded the statistical combination of forgings, or there were such great
differences among the two forgings that the combined forging results produced
nonsensical 99/95 values.

For percent elongation, as indicated on page 3 of Enclosure (8), a poten-
tially reasonable 99/95 value, considering both sources of variation, was available
oldy at room temperature for the axial orientation. In all the other cases the
forging_ were either non-combinable or were so different as to produce nonsensical
rcstdts when combined.

Conclusions

From the results of the analysis it appears that in all but a few cases, nc
general statLdards considering both among and within-forging variations have been
developed. Among the causes for these coald be:

a. Fnrther discussions with mater ls personnel indicate that the two
forgings (S/N Z7 and S/N 33) although from the same vendor, were of different

T design configurations,

" b. ]t appears reasonablc that different forging processes were utilized
tt. develop the two forgings,

" c. The within-forging variations and among-forging variations could have
been affected by differing locations of the tensile specimens, and/or

,o d. The test laboratory did not exercise adequate control of extraneous
sources of variations during tensile specimens testing.

Efforts are being currently undertaken to evaluate item c. above• This wiU
"" be accomplished by studying each tensile specimen test result with reference to
_. its corresponding loc&tion in the nozzle ring.

°- With respect to the overall results, several1 courses of action are available.
These include the fo].lowing:

,, a. Fabricate additional forgings by the same vendor with a common highly
controlled forging process• Section these forgit'_s to produce, hopefully, more
consistent test results.

b. Establish a procedure whereby each forging is analy-ed and rejected
or accepted on its own merits. This would obviate the forging-to-forging variation
problem. This would necessitate studying and determining the correlations between

"_ the tensile bars received during receiving inspection and the high stress regions of
the forging. Data, of this nature, currently available will be analyzed to determine' i
if this approach is feasible, i

I _UN_ LAS.STI' IED A: J. Mihanovich
" /' " ' Reliability

I F/_lrllhG 0fll¢ll "0IT['/ ' Reliability & Safetf Aualysis Section/ Nuclear Kocket Operations

/II ' i lili 7...i, _ , . I I , " ,1, .. _ '
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TENSILE SPE(_tMENS, SIN Zt Enclosu_'e (l)
.- AXIAl, ORIENTATION 7850:I_I0335

YIELD STIIENGTH (KSI) Page 2- of 3
, i !

t .., , ,. . /,) ) . ,/, _ .e". 0' i .... .,,_-r" <_<:,_' i A._o_ "F . ,,',,,,'__ F IL ,J,;

I
" I, _) ". ::. 0 3 I, I ,:'e, ,:,.' /9, 6"
:_" '"' -" '/, ,_ ,._.b,3 _;,'/, 4" ,/_, C ,
",' i """ -_ J l q _2t..._ I ?. _'& • , , •

.'_._.,' ' i :.,',;'. ::: 2 _, _, ,_ I. _' /?, ._ ,

'_ ",_ ",: I "I_', ,. _, <'.) ,',.'I. _' _q,_, _, 1,7, Y I

: ,,'. ,_. , u:<.I ,.?. I _,'. 7 /9. / )

l :'_."-, ! ._.:'._ ,"._.'i /_.r,
1 ,

l 't
,I i

i
l _

i, !

!

1976068581-260



TENSILE SPECIMENS, SIN 27 Enclosure (l)

JOINT OKIEN'rATION ?_50:M0335
Page 3 of 3

YIELD STRENGTH (KSI)
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• TENSILE SPECIMENS. S/N 33 Enclosure (Z)

AXIAL ORIENTATION 7850:M0335
P&ge 2 of 3

YIELD STIUE_NGTH(KSI)

.
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T_NSILE SPECIMENS, S/N 2! El_elosure (3)
7850:M033_

CIRCUMFERENTIAL ORIENTATION Page I of 3
YLELD STRENGTH (KSI)
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_. TENSII,E SPECIMENSj $]N 21 Enclosure (3)?850:M0335

AXIAL ORII".NTATIO,N Page 2 of 3

YIELD STRENGTII (I(SI)
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'. TENSILE SPECIMENSp S/N 21 Enclosure (3)
?_50:M0335

JOINT O/¢IENTATION Page 3 of 3
YIELD STRENGTH (KSI)
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I , TENSILE SPECIMENS, S/N Z7 EnclosLlrc (4) '7850:M0335

CIRCUMFERENTIAL ORIENTATION Page 1 ol 3

PERCENT ELONGATION
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TENSILE SPECIMENS. SIN 2? Enclosul"_ (4)
7850:M0335

AXIAL ORIENTATION Page 2 of 3
PERCENT ELONGATION
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I TENSILE SPECIMENS, S/N ._7 Enclosure (4) _ "
JOINT OI%IENTATION 7850:/_IU335 ,

Page 3 of 3

PEKC _'.NT ELONGATION
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, TENSILE SPECIMENS, $/N 33 Ellclosure (5)
7850:M0335

CIRCUMFERENTIAL ORIENTATION Page 1 of 3 ;
PERCENT ELONGATION
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' ' TENSILE SPECIMENSs S/N 33 Enclos_re (5)

JOINT ORIENTATION 7850:_'0335, ,'
Page 3 of 3

P_RCENT ELONGATION
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_. "" , TENSILE SPECIMENS, $/N Zl Enclosure (6)7850:M0335
ClILC U MF _';KI_N T IAL OKIE NT AT ION

P_ge I of 3
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TENSILE SPECIMENS, SiN 21 Enclosure (6}

AXIAL O]_IF-,N'I"ATION 7850:_! 0335
Page- 2 oi 3

PERCENT E/.,ONGATION
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H E M b R A _;D U M

! TO: t':. E. Stcwms DATE: 17 Ncvcn_ber ]960
? 7850:M0336

I ,'o:': .l.H.P.a::..thalor "

•"; !C'i- !1,11 Flow l',.G:rence ",:d.in_ - Pcopo_ed
P¢,vlslon of SSCSS and Pulse O..oldom_

¢,yste;,1

[H .... {I.l;t,l'jL}N: .I..}. _p¢,t'(.I,f, el_l s J). 13ll(_¢_llj A. t1. ¢ornell,
\:.H.il. (,-h_.:', J D i:.:rt, J. W. " ''
1,. D. Job p'o._, J. H. Klac;_-._:, _. V. Kriv:q._c,

C. F. L_,vvv, /3. ".iaqJ_i.;, C. K. Lee.per,
1". L. Opvp ;,my,, E. s_. _- " "" ...S. _rl(,=.l, '_ A. Vart:o , ..
•¢;ec:tior, 7850 l'erso],,v:.1

RV?.'.'_Ci.': (-) Memo 78.',0:;i02_,_, J. H. Ki:,c','_ng to
D_lributicn, '.." " ,. '•(,.., _'(., !_ ": ,v':, N r 1959,
Suhj--( i : Full FIo,,I Sch,_.,:: '. .;.c

l;:':':_St";h: (]) Saf('tv ,,ad Re.llaL_IIL_ :',,.:-_ "::is of r..f, ro.l_ce :
and Pfopused Coo_.do:,._./SSt.',_ .%,'_Leras

IX i Lbe re,[:ae:;t of L.-f,-rt, ncc (&) a suggcst-ed hnFrav.--,ent f[o:, _:an,.:::oint
,,f :..f. '._......_,,,, , ,'11..:,', t'iy is ._t:,:.:Lc('H re: Lh," S_.[t,;. ;.L*,,.=I SL'[,j,t, et CJI;|;.i,L :

::,,i,...'.,{.t,.,: (:;SL';S) ;:;_(1 Cooldo:'n Svstc..},, '£h_ scl)e,nr, r;.c for th'-" "' r..".r.osed"
uesc) o[ opcz',tf J:_; .he,!ucnce, c_fcty ev.a].uattou u.L! a reliabi.lJt.,:v):.L,'.,, ' " [ntirm

;m::Jy,;;.: are presented in Er, cJo_'re (J).

I':';:w|p._! YV th(" "P;oT.o_ed*' syst¢,, e]imJl,oles the rhr,-t:-wav SSr:'_:'s for

lWo-I,'tV NbCVI_;, l;CdH(':':_ tile l_o:0,:),.'r block valve:., rt,,lttcOS tile I_,',.t',-'E (;C
, v..Ive.: Tcqt,.irjnp, aOd]O;; co|'trol, alld adds o£2ficcd J.i:leS tO a .¢.,tlTe coolant

-" lli,u rc,:::rdlez:; oi vulx.e l)OS_:tcns. The safet_ anal.-:s_z re_;uJt_.d in betto.
tl,_n a '.,oZ rt.,hw_ i(n; (::2 vs .L0) in compon::nt laalfunc.t_on poss;bi_irieq
h.:-,J,g., direct and i_ro:,e(l.[aLe effect on syst(.ra s_fe_,,. The re]i;:l,i.lity analysis

for a s_n_le thr.:;t,'r,g cycle and .an 83-l.U[._c-coo]do:,-a cycle resulted in a

c:;t'i,m{ .I ,-e]iab_l ;ty of .975 for the "Rc,;ereuce" _..ml .9_9 for t.he "Proposed"
r_ i

S.gC.qS ,_,d C,a-ld,,w_ :,u?ply systems. Tili:; co:_.ztitute,, b_tter tl,,a a ._U/,.

r,'d,ct_on J:, fai]urv rate (froa_ 0.025 to 0.011.). 3r..;ed on th,-se results, _t

iv r(:co_':mcqdvd that the propo_c,l SSCS and pult;e,c(;u dcwn syste_ con£igurations
b_- ('o_:.Tdcred tot ivu,,vdia_e tncorporati_n Lnto the b,:_.eline Re;c:'eacc ovgi;;e
cuarigu_a_.ion. , . ,

P " ' ' t,

jfl t_.l ,h.':mSLll.nIt.J" : tiana_,er

RelJal, ility b Saf_:t.y _nalysJs Section

_!..... (_V"t_" Vmlear _Rockat Operations
!/ L, 17 /

/.

! ;_},,I, _q': I)('p:trl'lll-Ilt r---. ....... .'T'..7 [';','." ,..7..--

I "£..._..,.. .' ..........

I t_:;,. ,:_,.: P, ,.blk I.:.]r i"
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• s ' ' ' . - .

"!_.,. ¢.4_¢,t._,,,I .,;,.'pplv :rod t'ontlol n(:tw¢,rk,_ iur Ii,t- Structural Support

"" (:o¢,l:mt bu!,:_y:;: ._ (:'_C:;S) aml for the 1,ul,_e coolfl,_,:,'.t system a,_ currenl:ly

¢|,'1 [m',l f:_r tb(. ,_:,'!,'_,.n:',' Full Ylr_w Engine are ill-vtrated in ¥i[;ure I.

B %"i'i_,, v;:l ,:c'.: l_,r • ,.,: control ;_:J(I distrLbutlolt of t!:o _¢:t:ructura] support

¢',:¢,I,z,,i con:Ha: ,,1 two (2) thrce-w_:y control valves (SSCV) and four (4)

.. block v:,lw:s (5:,i,\). The tl,rec-way SSCV's art, t_::;um,..d nGt to ha,.'c the

_, capabI lily of l,'t,ckin_; all :;tc:m oz" hvpass flow bu::, fret, full open to :

" full clo::_.d, o,tly vary the proportion of the:x, two output flows. Becaut,¢i
O

of If,. dirfi,-ultjc:, of controllin,,; tlnee--way valx,_-s in active redundancy, ;.

th,. _.ul.::y:;tL.,,t j . t,, be op¢.:',:t,.d in a sau:,dby r_-tlu::d::ncy made. The valor'.,,J,

Jar t h: puls(, cooldown Gperati,.,ns_ in addil.i¢,n tO those in tl,e SSC:;S whic!,-r

•_ :;,'," uttli_'e,l, ,:,,n,,:i:,L of t_.'o (2) redun_la,,t control valve_ (CS(:V) ou-i one

(I) ¢:l,,.,.l,val ve (C:;I,V).

h rcvi:;ed :;upply and control network fur the SSCSS and for tl,a pu!'ce ]:

co,,l,lu::._ syst,-m is proposed fur incorporation in t.i,c Full Flow l'ng_ne. ?the

.o rt'vi_w, t ._upply m_d control _etwork, il t.ustratt.d in Figure 2_ is proposed :

• . p.rt inI ly as a :.ysicm simplification but more important for improved systetn '

"" safety and reliability. In the SSCSS the three-way SSCV's are replaced with

two-way valves, the number of block valves are reduced from four to three,
.°

an orlficed lint i:_ added to supply the required b);pass flow, and an ortfic_d

and ciwrl.od l_m" _:; added to ensure a minimum stem flow regardless el SSCV

., a,d SSI,V positi-ms. The two-way SSCV's are assumed to have capability l_: the

full-,.losed position of blocking all flow through the valve• Fox' thrt,stlng _:t

operation:; the SSCV_s are operated in standby redundancy. The valves in I_

pulse ¢'ooldown sy._t.em in addition to those in the SSCSS whlcl_ are utilized t,

r,.t,,aln unchan}w,l e::t:ept the CSCV's are assigned oul) a binary function Im,L, ml

Of ,111 ,,i,,i]Og eot,tr,,J function. _% _
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• .i'.O It:l'ItOl)UC'l'lO,_ (Cont'd)

Subsequent sect iens will deal with the analy._Js of tlle "P.cferp.nce 'j

._:, oppus.'d to the "Propo'.-_ed" supply and control coolant net_ort-s for the.

..t_uct_,v.tl-.'.up'r,t_rt _,nd pul_'-o_olin_ operations° $ect:Jon 2.0 will describe

lhv e:Win," cu,_trol c-onc_pt, Section 3.0 will d¢:scrlbe the enghle funct_o_.s i

:_,,Ith,, _:rtt [c,lity uf these functlons for each of the "Reference," and

"Propo.-c,l" tl:'rt_ _i:;. Soetlnn li.O _i'lldi.ccu¢.q tl;e s._fety eva]=mt.!on while

,';ectlo,1 5.0 wil] cow.r the re./i:,bllity ana]ys_s,

2. (} F:,,C]NE Cc;r,'l'l',.)[, .qYS'I'I,':._ C¢)NCI.'.P'|'

The .e.S¢_S:;can and is p]a,'mcd to have- a significant _:ole in reacttvLty ..

co:_trol of the nuclear subsystem. 'therefore,to n,{_anlngful.ly evaluate the

P,afc..,'erwe n_,d Proposed SSCSS*s reg._rdta B the_Ir effects on ,.:ynkc_ safety end
t

r,,.1 ;ahiI:lty, it Js noce.ssafy to h._ve som_ defln(tion of the control co_:cel:t

t_ he ut.iliz(_,d for the various tmt, ir_e ope-.'_.tJooa'! pha.';es. .

P-iscussi,:,,._ w.[th I_C personhol reve_led th_:k _ith the e>:ception o_

c,u}_rol de:;l£n objectives, a total control conc_,pt at this t_n-" has no' been

t:stablished. The design objectives ar,-_ in gencr_-,1, to pl:_ce t;,inimur., reliance.

. on control th'tlgls and_ to the extent practical, maximum reliance on the ,',cCSS

for react.tvity and temperature control. Ideally analog control of the dru_s

would be used only to accomplJ.sh bootstr_:p. The control drums then would be

moved to the steady state _ositlun and held or locked in this position.

'fcmperaturecontrol through the startup _amp would be accomp]tshcd thr:,ugh

tlm SSCV by controlling the reactivity provided by _he SSCSS. Once at the

stcady-stnLc: operat ton point _ control of temperature including compensation

J for core corrosion losses would be maintained by tlm SSCV. Chamb_,t pressure

during tlm startup ,--::p and at the steady state operating point would be

malutained by the Bypass Control Valve (BCV). The shutdown rau_p,including

a dwe]] time at the throttle point, would utilize the same control loops as :-

for startup and steady state (SSCV position for temperature control mul BCV _..

p,,.bltion for presmtrc control).
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I ').0 I',:,_;tNE (:t) ...... ''J b.'_" '"" ..... '.........., .__.:_........... ...:.,::.i.l.., C(_::CI:P'J'(_.:,mL'd) ,]

i The ab_ve co_it'ru.l,n_cIesarc t-.cbnically fea.qlble with the currently !
:,|,c("[fJedcontrol-dru,.'_ span worLh of about $4.00 and a $SC£S span worth

J _I" abot:t $7..00 with fly.,exceptior, of at the end-of--reactor llfc. ,Assuming _ __

a $1.00 vorr,:.:;.i,nIo:.._at the end-of-life, the SSCSS lacks sufficient

i . !r,':'c_tvit.- In,;,,rl.-;,m(npahilJty tot the thr(_ttle condiLlon. The resolution _ :

c)f I:hJ_ ,_',s.C_:; lJ._,it,,t i_.:J has not been _'.cfin,;d _, th_s timt'. Possible

;,1L,:I:B.:I;V_'':IO LIj;r,J'v,L'e or ]Jw." z_itll this problem gJvh)g consider.qtion to

J ' :p},,llt'aml'e'qt,';c,n::lll,_ ;liT.1]sted below in order to safery and reliob414ty i

pl t'f (_.l'('nL't°. _ :,

i i(.t) Delute the requi.Jcment ko tl_tettle at ead-of-reactt, v life r.n3 accept

k

the :,ul,,"equent p:2yload los:_. 1"

v 4," t A
(;:) Rt;l_'.,J_f.,1 tl_e SSCCS to ..;neo.*pozate sufficient zeact_v.lty Jnsertlo_

I c4p;d)ility to provide the ability to throttle at end-of-life x.;ithout ,

mid i t i.v_._l drm, reat.t:_v_ ty ]:inert[on. !
!

I (.;) Prey;de the capabJl_gy duri:ag steady stale oparz, tion to ,._alte .':tep :

ch#mt.e reactivity .fnsertiot_s _ith the dttur.r; to cc, mpettsate fez i_.

I 'cor,'o._;;uu losses, b_:t ma£nta;n the SSCV _:; __',_n_le temperature L'

control element during he shutdown ramp a:,,.:.',_rott ." Compensat .:on -,

for corro.,;ion losses by maintaining the dru_._ _ v." than their I :

i orificed posltion would be at the expense of _,,._ ,._fe.

r _

!

(4) Maintain both the S$CV and drums in the control loop for all startups, .j,

I throttling and shutdowns. Steady state o_era_ions control wot,ld be :i"
accompl_he.1 with only tile SSCV. Nith this co,_cept the maximu_ de_and

1
is placed on the SSCV and the drums are moved from their orlficed !

I
position only as required to mt:ettilete.mperaturedemand. Shls add, "I

addltJonal complexity to the control system mad malfunction detection

,. system, 0pcratlou with the drums at other than their orlfJced position

-" would be at tile expense of core life, ' --

z
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'2.0 ENGINE CON'H_OL sYKrI'H CON(:E.T'T (Cont'd) _::_,

For purposes of this reliability and safety analys_s o£ the

R,.;grtno_, and Prop,.,sed SSCSS it is assumed that tile SSCV is the single

t.l.mcl;t hi the c_t rt_t loop t o satisfy the tcmp,:rat.ure demand during

st'att._..l*, _tt.Mv qt._.te, thrt_i _? Tng and shut.down, Th-:s control mode is

cons_ .r,,.,lt with alt_'rt_ttt;'es (1) au.t (2)_ and part Jelly appllc,_-ble to

,'_lte,',':lf/vc (2}. Alternatiw, (t4) is rot evaluatc,! in this study.

3.O l_r,qc'JF?16" c)]: ,,,,..,_,,ecr":'"AN;'_ PUi,,RE COOT.L_¢_.'_S_'S'J'I"_I).'I?',C'rL(._NSFOP. V:.:;3rNY (IP_x...:] .,.

3.1 OPI..I',ATIONAI, SI;qLU't_CE

FoJ the "Ref-:rcnce" SS{'SS and l)ul._e eooldou'n .,_ystcra the follovlng

opera[ hmal :_oqu(.uce £s assu;::c:d for pu_'pose._ of th's evaluatioi_.

Structurv.] cool-%H: .¢.;ttt_p]y durtng thz'ue'tlng opetdt.;o_s is su:,plL_.d through

i

¢-¢" _.i , *one, u.._., and _t_ t_,'o block_w: va]ve_ (SSBV's) TI,_. other SSCV leg is

shutd,_wn by malnt'c_ining the rye bl'ockJng valves tie:rod. In the event cf a

mal.J'u_,:.t Lo_ of f.hc ;_ctive le_;, the I.wo i,)ocking v,al.ves Jn tile e,-ttve leg .:.e

: ('lo:;e¢i o,M .... t.SS fl-w is swLt_:hed to the standby ._efi by opening the tv:o

.: block v_llvo.s _,n chni leg.

_ii At tlle beginning of pulne cooldo_m, the bypas:s flow block valve in the

_ nc,ivt, leg is closed and maintained closed through the entire pulse cooling ,

" period. Tz Ickle flow is eontrc..led and maintained to the stems byone of

the cgcv valves. When the chamber temperature reaches 1500*R the CSCV is

opened f.ul] to provide a 4 lb/sec flow rate and the stem block valve in

the active leg is opened to a]]ow flm, to the nozzle a_d rer']ector. At the "

comp]ctiol_ of the cooling pulse (1300*R chamber temperature), th-full open _.

CSCV is closed to the trickle flow poslt_on and t,_.• block valve in the active

stem leg is closed. Trickle flow to the stems is then contlr.,,,,'as
|

prevlou:;ly descrlbod. Nhen no further cooling is required the CSCV is

, closed.

:! o _..

i

1 [.
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3.1 (,PI".]VJ;ONAI. SLQL,i:KCE (Cunr'd)

i Fo," II,,, Proi,u_.,t S.q('S,'; _ _d puls_, c:,oldown t:y.,._tea, the follow11_ SP
i
|

'.'s the op,-,::,:tionai seq._nce (rc, fer to Figure 2 for valor, ide,_tif.;eati,on).

1 Fur thou:;: iih', o|q _';,t lot ". ,'_,ol;mt flow to the bypa:_s line is fully

i qupplJed t_:,' the ol ific..d lira. o_C the PD[, :._11_1(, stem coolant l'kow is
part;all\, :<_pplt(,d by the' oriftc:ed and cheeM,d stem lJnu. l, dditb,:,e-I

I ' S', ,_ an,: the fJ , cant i.s.',tca,_ V,_ul,U;, I'1,,.' LS '; 'l ;',J it:d by opening S,, ..] ..

SDBV3 ' :cnnl rt,ll,. _',' """:.,.,t.xl " l;lock v;i] v{'. . J'; ;'.'-i _1,,_ '_._l]C'd el'It I _.'ll_.lt. _SI;','.I_

I ,n,! :;'..:t:V2 _:,,' e. me.], In tl,¢. c,vmat of a ,;za]fu.icti,.a in th,: nct._ve s:c._

l cool,rot t:u_,i.,,',l leg (SSI'V and SSCV£) the m:A,,.,._ctloned ]_.g is _hutdu:,,n bx

l

c'|,_ql.f: eJth..'r or bc_th ,¢SBV1 or SE(.V], clo.qJng SSBV3, a,:." op,:l_ng th,.'

I ::l,,m,l O, )v!. by a,-l'Jvating SSBV 2 at)d SSCV2. J

tq,r p,,l.,,e cooling eperatior, s one of ;i:c C.qCV's i _, o!;cned and ::_-JntaLn, '" l_
I m • •

op,,n lor tl_e' entire fooling period, Tr.Jek]r. Ilo,._ to the src.n:s is .,up?la(,." '

. tl,rouLh t'l,-, .active ]e!; ::ith [1,'," rate co_trt, t._c.d b¢ t.hc SSC\:. lqitl,_v.,t

-_ any COmlmn,r,d m'Hftmction,; this woa,.ltl, be act:o:,,pli.,,Iv.d w[d',. FSCV1 op,_.n and

C'

VOl:lrol lil_[; the. stem flm,, rate, SSBV1 c].o:;ed, .,SB_ 3 open, cry,o ..... 2 cldc"e

nnd SSCV2 ('lus¢:,l,To pulse cool to the no_,zle _'nd reflector, SSBV1 va:_Id

be opm_ed t,,permit an op('n flow path to the I'DL. In the event of a ;,::I-- ]

function, the active leg is closed by shuting either or both SSBVI and SSC'_I, _ :"
i

-" closing S,ql;V3,and operating SSBV2 and SSCV2 thu sa_e as previously described _

_" for SSCVI and SSBVI. When no further cooling _s required th,_frillopen
._e

CSCV i_ c tos_d.

Ut_lizlng the assumed control concept discussed In ,e,t'ction 2.0, thv.

.. following art, SSCSS and pu]se cooling reqt, lrements and the criticality

-- of these rcqtdrements for each of the engines operational modes. 1_

"" 3.2 C}II],LDt'Ik_I

There .is no known rvqoilt'lat'|ll roy stem or bypass coclant flow durinr

t.hll]down although it has been t,ene_'.a, ly _.onsidert:d de.'..ir_ble or at

/
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3.2 CIIILI.1)OL_ (tent td)
t

oi,vraLton_l l,h:_ee. In fact. ChLs _a_ the only possible Demos of

opt.r::t _on for t;-_ hot b]ec'd entIine _'|llch cct,t-tL,ed a single SS¢_'

atht t,) cLem t,z bypass block valves. It: is poftbible, however, t:mt

stc::, f lu_, _h, :.l'-. _'),1]1¢'.._::n may be detrhae ttal t,r even I_zard¢,t,._

to ::yst(._a at-,., ::T;o,t. Ky ,les|gn, the different stem flcm pat!m :.lltbJn

t|tt- core ol1:-£ v:;rvin_ d,_re_.s of impedence to cool,nO rio". _le

rob_'t::_,t _:,',__]::_,';no_ Lh," diffcre,t f]o'_ ;';rh._ votL]_ bo n_.;.-:_.',::e:ric_;

._,td co,ld pr,.-';:,-¢ hjt_!t LIt2 c<:ncenCr_Cton_ X,'- a;-:_a_ o£ the c_-'¢ ;_ossib:/

cat_:n;- a n,-.-ie:Lr excursion or thert_l stFe_ , roble_.. 1_ is

rec,,',.,-..,:ndcd that tht_ pcten_..al SSCSS proble:: t_ invesCit,,_ted by V,_.'.o.

I'._-<-vet% for ;,t.rpo._es of tl,;s aua_.yxl._ ic is n_,;w_;'_ that _. t_I-

(:J._trLl, ul:Jvt;; of stvm and b','i)ass fIo'a during ch]lldo_ aml ..out_;t xap

_._ rt,t. detx..: .Ln] to _lw e,:i.lne _y._t_a.

Tn tbe i_,'f_rence systete the b],ck valvus eou]d be. u._,.3 to _.'-: _ \

£ool,|t:l. fi(t_ tO rite Te.'lt'ior. Jn tile propo_...] '-_(.._S, ('co!;: .[ fl_--

is cle Livervd ._t_Lt)l_k'4tit_._'_]] y tO _||e re-_cter by t!-- or; cites in th_ by_,_

•"_.d stem c_tt:,it._;. No provision Is avail_ble_i,_ Cite P_'Ol_-d

: system to cm_.!,leLe]y block stem and bypass _lov.

3.3 }_OTS'f._P

I_otstrtzp Js aceomp.lJ._h_d with analog drum control to malntain the

desired Ce_peraL,re ramp. Bootstrap is as=u_d to be completed uhen a

60 psia chamber pressure and 1160eR chamber cempe.raCure is reac.t,ed. The

posJLlon of the SSCV as_d thus the quantity of stem at_ byp:ms flay is

asm_med not to be crittca] during bootstrap providing so_c coolan_ is

beinr, delivered t:o the ste_s.

For Cite Reference SSCSS_Che poslt_on of the SSCV is not critical b,c

as a _inXmLm one of the block waives in the stem ltne must be open to

prevet_t posstb]_ system dan, tge. For the Proposer! 5SCSSsthe re|nimrod i i
ik.

.Ii!
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j "',. ?, t,0,ri.,,'i,;,j (*'_,,,: '_.).

j !t ;:-: r, .: :, ,,. _ '!,..! 11:, .," i'_'," S_C_" _..... ;:" u;:_Int:li,..'-d op_-_, ,_._

:_ -ur.::;,,-,.'. Ib-'! ,,_',,'"".i'..,:; f_)" l._tt'l ctil]t.:'! _,('_:i_._(.'_',_ p._:.s_. _.

i
j "t.!, ._ _- '"

J ";I.;,': :+ _.." .,.. .,--I.;:g:c-! i+v t_'+x,_z+,- t+.," +:r"_.-_ to their o, ;++c,_J po?.-iLie"..

z-'z:,_Ot_z;"t::"o*_!;._ ;Z ]z;i;h I i, pr.!t., to t11_ .*.t":t,'!_' SL._t_" ot'._r:_.tJt::. ],,)_nt. i_tzJ.,'.

.1|,_. .

, * ,Jegr©o, h:,'l.:t:_ llrq- |s _:_nd._tory durJnB ._._._yl:;p tO _u_t_Jt_ Llze" ;ySt:-;:t _r._" - ]
¢

satisfy pt, rft,t'_;tn_e requtre=e.L_.
at

3.5 ._l't_A,__" ST,_.T_;

Steady ::t_te operal-_ou _s _::aJnta_ned _th _i,e ._S(:V _n _I:_ t¢,_,:_;r.t_,_-e

)

, control ]o,,p and the drteas locked or i,eld t;z t!teir ort_icc_ i;o_i_:;.q.

• All cozrosi,m loG_vs, are made up by _itSerL:[Ul; additional r_(-ttx-._._y

with LI_e S._(.3_.
4m

Controlled flou of cooIan£ to both Lhc bypass and ste_ is crX_¢_l

I
tO prevent system lo_;_ _ Lo aatt_fy perfor_mnc_ requ£re_t_t_. Re:J_t_:L_ot;s- I

in stcqa flow could cause retreat from the hish Xsp oper_ttint; po[:_ uh_]e

" total lo_s of stem coolant would result in systcq, los_. Tncrease._ iu stc_._

• fl_ sate would increase core reactivity and total p(A_r vith sul)se_t.ent

loss of the sysLem unless counteracted. Bypass flo_ at so_e mlntmu_

rate is required tar structural support plate coolant. P.ypas. flow be_ou

_. this flow rate wo.ld result in syste_ damaEe and posslbly failure.

-" 3.6 SfllITIXIt_N

"" illi;h I sluttd_r_n is aucumi, l|shed tht: _;u.e as sLartup w_th the c:_cel_tt::i;
: gl )

" ,:¢.7j
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3.6 SilUTI_)_._ (Cant'd) ::_

o[ _Ldmell Lima at tho throttll.K point to remove additional decay *'"

unor;.y chile or,t.r_tSn Btn _t hil;h Z reduced thru_._ uode. Slmtdotm

1_ r, r:Ll:_.._ted or 2_00"R cb._.ber te_,pcrdtur_ and ]50 pa._a ch_ber

pr_.::_,,-e at l:h_._-h tl_e it,c- drtmm are coma_nded, tn their full-in position. _.

TF_" co*_!,_,;! ".it f,mrttnlts and th_._r criticality are the _aae as

dl_,-.:;..:(..! for : f,.:'tup_ Sv:-tJou 3.2. -" _;.

:l.t "JAILOt'V :'

The $5t:':5 dp_.s not h-;v_ any d_-_ect control funct_o;_ durin& ptr_;,

ta!Jn_. Flay ;s controlled through the turbl;,r control circuit unt|l _.

•3 t-l,--'-_.ber te,..n,_r:,_ure o_ ISOOeR I_ l'cac;..-.d and a f]ou o[ _ lb/s:c Is ":

utt:n.:t:_-d. Ti_. turblne._ are then blocked from l..;,e system and lime ;*_.

conLim:r-: by t'a,;k presmure until a clu_ber tcr:;_rature o.r 130(.,'I( is reache-_. "

Flay ;._ then te:-,_iz_tcd by c;osin_ t l_ propel1_:,-t chu_off v._]ves.

Ti,c po::it i,..r: c:f the _$(;V aml thus th:: qun,:Llty of st_c: flow is

os_:,,_d .or to bc crltJc:,t during pu_p t-_iloff; l_ever, rm_e ste_ flu;

is _:;_J=tory to :;_atain Lhe system. Uypass flay is assu_e. _ not to be

cril;c;d during Fmap tatlnff. That Ss, it could be h/_h. low, or cocplet_-ly

blocl.ed vlthout detriaental conseq.ences on tl_e system.

During pul._e cooldov,: the valves in the SSCSS supply network _ust

york in conJunctlon _rlth ti.e va.l.ve_ in the Imlse cool/n_ nct_:ork to provide _ _

a direct flo_ p._th fro_ the Hain Propellant Tank (tlPT) to the stets and

a dir_ct flv,_ patl_ to the nozzle and ro.flector. A contlnuo_a trickle ,,

flo_. varying fro_ 0._ to .002 Ib/sec is required between lmlse$ for the .|.

entire coollng period. The method for obtaining end controllln8 the

desirc:d trickle f.lov in the .'_e£erence and Proposed subsyst_as 18 _.

described in Section 3.1. lq_e inability to trickle flo_ coolant to thc

s_,_ at the required rate could rer, ult in a mission abort due to loss

¢ ,taffJcJcnt use of propella.t than planned. _r



r

3,A COOI,tNe_IcO,_ST (C,_nt'd.; " :•

C_l|tt_ l,ul._t's of A ]b/',.'. _ _tt'e ubta]t,_d Ily rever#e fl,,_ I:i,l'_Jugh "

I[:e S._CSS ._oi,|.ly l:t-twork :,e; d,.:,_-rtbed In S,.ction 3.1 for tlw][t.lt,tence

I _;_.1 t'rc'i,,_.q,',: sttl,._y.:teet_. Fai]t,c_. to provide pul._e cooling in the.

i px-c:sc|;bccl t,. _._,t-.1- J_ not eon._ft'crt_i critic:,1 to Ityste_ _urvJval ._inee the !_
r._:tin pr:; p,-t-.],_:. -,it _erf.ency .,.v_tree for tl,_: requJ_-ed _out.qr, i. _wt.vl.r,

; 1 u:il|.'-':t]¢,_l *_I L|;t: main I'FS _',ld require .-d_itlonat cycling u._ tl_- .

PSOV, le::._ c-ff ;ci,.nc use of p_oi:e._la,nt t m,d i_t pyob:;b|y a t_.ec'i'.;¢.n

&O t:l_or£ |]1¢- w..[_-_/Otto

[ -
l_mlled I*) th0- coo_._nt supp|v c_.rcuJt sJ_nct: c,_nft_ir_rt,.._ an.J lu_L¢--rt_,l

_c.lt.¢:tton Ior t|_e _tems and the structural supI.,_rt pl_.te re_oi;_ e;:-'l,_u_ed ::

-iJn tlt_ Ira :;yslems. l_ch coupon'--st ._n tlte cbola, L _u?p/7 ctre,.;t v_-._ :"

t rated in the t'_t_t of it malfunction for 1is most severe effect or, th_ s)-_, _• ._.

"i
i for e:wh of Li:u en_lae o.l._ratlen_] phases. The .qyste_ _lfunct'-,: effect :r,

en-o_ne oper,_tlon was /denLtfted by _,,i;£gntnlt one of live ltaz._rd f_tesor'e:. |

T ir
t

The five ilazard CategorXe_ utiA£zed in tl:_s safely evaluaLi,m of the _ Y_
%

5SC5S are dt'.fiucd a_ follo_8:

" Category 1 - Failut'es or incipient fitLlure_ which prod_tc¢" ,_

s_gutficant operational degradation or traus_t._,: condit;_,::

. (m the system and require no conscJous fiction !:y tl_. ,

-. tree or land control to permit ml_sion (:_n.tp1_.; .;.olt, l'_:_ lu;-...; •

_.,
-- of critical safety systc_ and crttJcal s_andby-red_mda_:" _,

t

eospmwnts fall within this catesory.

Category IIA-Fatlures, Jm:ipient' failures or dc£rt, dattuns fro:, _|ti_-}l ,.

the engine, c_'.n recover ;lad "_till complete Life t,J_siot_ by

1976068581-292
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, 4.2 IMZNU) (_TI_ORY D_'I_rIYrOHS (g_t'd)

eeStchJng or rc:vertt_ to a r_N_yvr.%y Hods. FaiIure._i

iQ th/_ eatPgory produce tr_.ostLent effects wkich L_,: "'

be toler_.Led by th_ system, a,_lwhlch i,_t_it tim(" for

leman _ttt|l_e..-_Zlt.L tO b_ exutcL:_,-d ms th-_ .xc,Ll_ n,_ >

d,'s;r_:bility of tlm Y_co%_Lj ° :a._de. F._/lurez _h..Ach ;.

)c_.:tlre the funetlonSt,_ of _.,_.oty syst¢.es or zedu,_d_,_t

compor_-nts to preclude Cmei_.-y lit eon/.ttJen_ fall uit'_u ""
r

this c;,tegary.

Cat_:az3" IlB-Fa/_ures) incipient fallarcz, or degrn_at £cn:¢ fr_-_ :::;ich

the @ugJae can recover and gi ":11 co_[._. ,, t:- the mi:.::'u:: _-,: i.

/_medtar_l_*. D-JLtch¢.n£. or rev,_rtLng to a l_qco¥_._y ._',_¢.

Failures in this category rc_luir¢ fa._t ¢_ctLon t_ c_ve
g

or lessea tiw. trmas;ent eo+_++,'tS.t+on. S:;li'c',(r_ i.,,.; t!.e _"

I_vcry P_de is u_ually _c,._)s,i,lislmd a,;to_ka.=_-.ally by

t_ rm]funcLi_ dctectiem _y-:rcm or the eeg+_ c¢: trot

system. FaiLures _hleA_ re_+'re _!;e au:o_atlc ,_u,_ctiening

t,_ _q[ety sy.'-te_s or _=lundzm_ axaponents to prcc'._le -.

+.+ Category IV co,_Itions faX] vlthln this category.

Category Ill-Failures, /nclpie_t failures or degradations which require

mlsslo_ abort and swltch/ng ta an _aergeuey Mode to effect

safe crew return ar to prevent danger to the earth's

population. Thrust cap_bllity of at least F = 30)OOC' lb --.'

and Isp 500 seconds is required if COnLiuucd nuclear
g

engine operation is necessary to effect safe crew return

or to effect a safe disposal of the nuclear stage.

Cstesory XV- Failures _i_lch res. in dt_ect injury to the crew, endan;.er !

the earth's population or d+,a_ge the s_ce craft or other _-
!

stage moduXea upon vhich cre_ survivaX d_pends and for whleb | I
I" 1

Faaergeney Action iu required. Failures in thls catt,gory

Ik+ ,

1976068581-293



"" -11- " "

1 4.2 Ii_ GWI:f;OR¥ _r.i'I:,_!TJO_;S (f_mt'd)

l produce, en_ or a_re of tl_ fr_llc_tn_, ayste_ affcCLs:

(a) T-t:,J or _rtlnl ],,ns of thruBt to F_ 30,000 lb

1 .,_ _00 second._.

i (1_) U,s,cr,.'_::ful I_E s_,tdo-_a t.nd/or coold_.._ vhlch
preclude._ cvnolnc rc_Lart,

i (e) startup L.. attain thrust 30,000
F_ IL

"q.
mid I :- _ second._.

4,3 i_ZAR_ CATF_fIORYAS.z;It'N'IEE'J'g,_I_D DTS_:-_$SIN

I Tilt" h_,z_td cULs:L_I'y r.s+,Igl_:t:tttO for e_cl: Of the C_:'O_:_tS in the
S$C_'.: mh] puls,: coo]In4; _apnly network for e_.ch o_ _hc en.li_:_.s _peratim,a. _

r.od,_n .,;hewn ];, 3 fo_ the P_.f_rcnce in 4 for th,"
4,y,_ Fig-re PystJ._s Fi£,.re.

Pr._p_..:ed sy: tc_, and those r!u:t are of prJ_4-_ry i_./ortance reg_-dlng syse,_

I •re.rely nre :;,_,..acized In Figure 5. It can hc seen fro_ Ft_,r_.. $ th._t

bett(._ th._,, a .ha percen_ rc:dur:tie:; ii: cap,anent fa_l,,;Te_ imv_n.£ _ dir_c_ ;,-4
l_cd£ate _4:,:act _-:-_ardtng ::._fe_y is obtained "¢ith the P_olm-:.-! system.

[ 'No s;,tgle f_ilure in e_th_- the Rvfereuce or the P_-upo._d ,_y_t._m ires bee.,

rated I;azat-,l C_.tognry IV (direc= ;nJux'y to the. cre_ or d_,ger Lo the eart;,'s

population).

_ hazard category assi_maents used in th_a safety evaluation a,d
shoran tn Fi!_ures 3, 4 and 5 do not consider _s credible: line r.pture_

valve rupture, orifice failure or multiple component failure. The hazard

catep.ory as,ignments were made without consideration for the normal

I fail position of the valves. Fo;" example, for a normally fail closed

valve It i.q co..qidered credible that the valve could fall in a full open

position. This was done because a command failure could demand the valve .. /

• to be £n other than the desired position and norms] fail positions have .
.41

not at thl._; tl_e been e.,_tabllshed for the val.ves. This policy was app).i_.d

._ u.lformtly to I,oth the Reference ;rod Proposed subsy.qtems nnd therefore

1976068581-294
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4.3 IL_Ak:) CATt_;O.qYA.qSIGI¢41_'FSA,%UDISCUSSIO._ (Conttd) : _.

i_ j'-;I;'d t,, not u.fntrly bta_ ti_ sal_cty al,nlysts conclusions.

St :;:t_,,ld b_- nott_i. Im_._ver, tl_tt Nonia] fail positions _re required

f,.r r, liablt ;ty .,'_ ilv_;_. _;,-J tht. amztmwd zzo;,_ml fail posltlon_ ._.

eL l! i:;,'.: 4;." ;,h ,,__I led i,_ Scctim, $.0. '"

",';,," [_;,;,_'-ve,_:;ySt, _ .atet¥ o_r the Yropo:zcd over tl_ Rerc[cvce =z

n)'.tee, ,e._o]t.L !,ri,.orily fro,,: tl." orJficed byp_.<:; coolant rt_ ii "
In vhJ, h gaJ.lure i.q eoasi_;cr.'h;! not; to be cred]l,l¢ and in the J

prot,'CtiVe [,.;,ture afforded; by the oz'JfJeed Sle_ flov. Feilt_res Of ' ..

the valve._ co,,tr(.lllat: btea [lo_. do not nor_l)y require i_:ediate ;-,t

),.._pov ;,. becnus_ of the ¢ontlmum.q coolaot provLded by ot'lfired _te_.

) Inc. , ;[..

The l(,gl,- for the IL_.x.tr_ Categor_ as_lgn_,_z,rs, pez-tl_-_l_r_y tho_e

of C._t_,-ory fig _nd 111, are discussed by eng_.¢- operati_n_] r_xle in the ..

ft,llt-vi.,g sul,._ct "one.

4.3.] Chi] _-,,_

Since as stated prev_our, ly in Sectibn ).2 there, is no ktt_n

r,;qulrement for ehilldovn flow In the SSCSS, all Hazard Catecory

ns:,igmeenLs for both the I_efer_nee and Froposed systems have been ma.e

Category Z (.o slgnL_Icant operatlonal degredaLion).

4.3.2 __
4

i Du_icq_ bootstrap some mlnlmm stem £]o_ Is consldered to be . .

required for coolLng vhl1_ bypnss [lay Is no_ considered to be mamJat_,ry.
t

In the Reference SSCSS, failure of" the block valve (SSBV) to a closed "

position I. tl._ active stem line ha_ been assigned a Category lIB (requires ",

' _m_edlate corrective action) vhlle all other co_ponentt_ are rated as "

Category I. In the Proposed SS{_qS sll component malfunctions are rated

as £.,t_:gory I _Ince the orifice Ln tl_z stem line and the. SSCV provide

redumla.t source, of stem coolant. L

'[i
1
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I 4.3.3 St-trt:!]?

I During startup _,lth tile drum_ locked in their orific-ed :
position, tilt. SS(::'S is u_ied to control reactivity and as such controls

tilt' tt,:,:pcr._l.r(, r,t_p, la tl,- f_rst part of startup In uhich tc.:aperature

_lDd _'.Vt"_::_|l't" ill't" V_.':l_t'd t¢_ t.ik° throttle pojB! (,t,25ft n and 276 Fate)

1 m;axil,lO_'l tl,:,l.,._! i_'- placed ott the SS_qS. I-i/ii.'4r¢_ to meet this de:,_and,

l pfO_.J.lrv.lr : ..... • '.tt'::, at_l b_'g:-:', c_ol_,nt f.lo; J_ t_l_It"_t,t"'-ll@d. _ttld fallLc
o@cta_Jt:: _t: d,.,l*,r.ttl_ttion but Put necessar,ty roqu£tJt;g t_:;.tedl&t¢ ,_,crectix':'

| :*action lor _v:_t¢,ta surviv:,l, ilo*,-.,evorj during the pre'_;sure ra:_p to th_ ate., I:

:;t_,to opet-.t:.'(),i:tJ point tlle SaC%z must rl-0:t,L-o r_'act;:'-ty in t_,e stt_s to

eol_.?t,:_...,:,, :_r Ill:' rcaeti_,iry effects of tilt: .:tead'ly lncreas!vg total

hytlrt, c,t i:_t-ry it= the. cor(,. Failure of t|,: SSCV to maiut=:';_ only tl=e */
lecluir(.(_ f.]o_7 tU the ato,;,s x,,ould result iP. ]os_ o£ Iht, t_),s._en_ dtw to ""

exc,-_r ivP t:l;.,td;:'r t_pot'i,lt:re unless £reB'_':l_lt-.!y corrc.._t.;,d.

l:_t" t!"." Reft.re:_.c S:=;_S, tl,e P.c__fv= SSCV bud the sk,_._ blcek w:_x-.__

i tn th(, stattdl,y ]t.g it: rated as Category lib bccaust, of tl_e p¢-t,_ntiai

,_mlfu:,:t_on po._._,tb|ll.*.y of supp]ylnl; exce:._ve ftev-, _eactJ-_ity ._.x_crtloa.

The b._paz.,; block valve iu th_ active leg is rated a o, Category ]!_, because

byp.m_ flow is rcqulred for strict _ral support plate eool_:nt. The bypass

block valve In the standby leg J_ rated as Category lilt because, if [ailed

., open, exees._ivc flow to tl_ bypass line could result in depletion e£ the

stem coolant flow beyond the rate required to maintain the structural

" Intt:_rlty of the at.eros. Though this latter malfunction condition is asslt.'n,._ :

a:_ Cat(,l;ory ]IB, a malfunction analysis is required to conflza,t thi_

hypothesized system response.

.: For the Proposed $SCSS th_r_ are t_o _ctlve sources of stem ,

,, coolant supply. A single loss of either one of these sources woul.d cause

•" , s decrease it: reactivity _£th resultant deg_ad,_tton of engine performance

but not lon:t of the system. Ra.'.ed performance could be attained by lurthor

5
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'I
4.3.5 'r,llloff (Coal:'d)

clua stem efrluent flo_' a|_uld be sufficient to maintain the Mtructuc_J
t_

support plc_te vtrhh: its t_mporature l/mits during this operating; mode.

In the Refe,-enee SSCSS only tim failure of the stem bloc_. _.

valve i, tl.,,art i_,.leg i_a been asRigned a I/n_'.ardCateRory liB. All

ol:h_.r¢:c_l,c,z_,'ntr._ilure_clthor produce I,,-sya:em degradat'_on or the 4-

def;rn_!:_tit,,, , or:. tat require Jwmedlate correct'_v,: at_irm.

I, th¢. Proposed SSCSS tl,_re are two active socrcc_ c,[ stem
.J

o,

¢:(_t;mt 8apply and the lo_s of a single source t'ould not t_; critlcat t•9. -"

_ystem oper:,tiu,;. Tl_refore_ no h;Jza[d rate::..;:/ hlgl_r than IIA is a.--_ig::ed

to a.%,of tl,_.coml:',nentsin the S,_,.';St_upply c_x'cult. "'_

4.3.6 ('a,oldo_/Ca_a._t

As pr,-vlous]y stuted m the funrLh.n of the SSC._ ,_;Id puJ_r

ct_l£1,1:sopl,ly circuit din'Intocooldown and c_asL is to provi,_e a dlroct

path for trl_Y_, flow to the stems and to pr¢,_J_e a dSrect ;::,ti, by

memm of rew.rse floe to supply coolant to the nozzle and reflector.

In the Reference system, fail.re: of either stem block valve

to am open po_lt$on would pr_vLde a direct flo_ patb to the PDL. This

would prevent efflclent Lr4c_le flow to the stcm_ which _vld have to bc

co_mturacted by more frequent cooling pulses t_ _ainta_u required

temperature llmlts in the stems. Thls Incff[c'tent use of propellant

could necessitate abaudomcnt of original mls_i_, obJeetlve_ and requ_.re

the performance of contingency actions for safe return of the crc_ or

• _afe disposal of the nuclear ata_e. For thJs reason tlm two stem block

valves have been assigned a llasard Category ITI. {

Tier three valves (CSCVl, CSCV2 and CSkW) vhtch permit and

control flow from the HPT ate all _sslgned a Hazard Categc, ry lIl. Failure aJ
of elther of rl:_ control valves in a full open position would prevent

trJckle £1oe to the stems, pesslbly requiring a mi_slon ahort. L

F_tlure('_th_h_c_valv_t°'°P_"w°uldr_'q"iretheu_eofth_*_'_lu_4gl_ _ [i

t
t
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h.3.3 St_rlui_ (runt*d) i:", ,

tlp(_|iLl|_ t_ic |iCr-JV_. _ _CV ill tl|*? L,vent O[ (2he.ok v_Iv_ _'ai_ur¢ i|i the. :

,Jr.lflr(.dstem Ii',cnr hy blocking the nm]functlon _r.tlve SSCV leg .*
4

;lad ._,itri,l;1:;to the redundwlt standby Sr,f:Vl.ep. The above .,,_ ,

;a:ilit_.,,L;,.,;,;hay(. bct,lt:i:;si.-.uedllazard Category II_ since they do ._

not i*_(lobt'J;:_-:_,(i_:,tecorr¢,ct lye action for system survival. Th,_ two '_

SSCV',,._ l.ot..'..,,r, I._,,:the pol('nIJnl r4alfu-,ct_(,l,possibility of fai1_n_ :. .

to . l',,! _, o: -e_.j lull open positLon and _-dd:lrLg excc.qsive _eacti'Jity.
.

Jt_m_e,li::t,: t |(,stir(. of tho block valve in the lug with _! e _,_alfuncttoned
, :ff

5._CV ._hdthe block valve (5SIW3) separating the two legs would be

,etl,_'ir,.dto :;u:_t:,i,_the sy,_'_,.la,hccordi_g3y li_zard Category lIB l_as

bceu :m:'-J_;nt.: -t:; the _:'orst co_e _alfunctJon conditlon to the tt.,o $SCV's

ill tlw *':')tq_,_aed" subsystem. ' _,

t,. 3.4 5j eg.dy__._..!gte_._a.nd- .S_l.LL,..tdt_.,rn ,,

Duri.g steady state aad shatdo_n th�rcqulrev:ent+; oL the

,, ,qt;{_SS ;,-re. tht. s;iv,t, as they are for startt, p. II,_se require0_t.itts are to _. .

.t,rovldc w_ri.ablt,controlled r,,arttvity insertl:m capability ,andto r

" l,_'ovldccoolant to the stems uud the structural support plate. There-

for_._ the. i]:tzard Category as_ignments for the compone_ts in tb,± SSCS5 '_
*

supply tire.nit and the justlflcatlon are the stoneas dlscus_ed for

.. startup.

4.3.5 Tail.oft

"" Tailoff is performed with the control drums rolled in and .:
' i

i
propellJut is provldcd by pump pressure to remove decay heat. The

purpose of the SSCSS supply circuit during this operatlonsl period is ,'

to mnSntaln a sufficient quantity of coolant to sustain the structural

|ntegrJty of the stems and the structur_] support plate. Continued

•" stem c.uollof ,luring tailoff is mandatory but the l_ateof the stem coolant

floe within lhe limits of the 3-way SSCV _a not considered erlticut.

itypans coolont flow is _,lso not considered critical during tailoff since

@
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4.3.6 Cootdo_.od_r, (Co,C'd) .

PF:; Cot em_,_t.ency coot;_uL suPt)J.y _ possJb].y v:_a_n requJriq,,_ a r.:i._vi_m

Abort.

Jn the rropo:..'t,d sub.,;y_Lo.m there ._(. four cL'..qpon_;nt
t

tn,:lt_rt.s which could r.oq._irc a iaJ:,sion abort e:_d 8ccordJ.tw, Ly hv'w¢:

l,,'L,x v:;:;'i_t_,.d w; Ikizard Category ]II. Three ol thv four ¥.oul_ pre:_'_t. ."

¢.fJ ;t';,:nt t, :ckt_, f.lov, t,._ tl,e e,t¢.mv, Tho._:c f•], ___e :_r c: t ] _ (]. ehet'T_

_I V..'t1',,,'_ "j,l th,, st-'m url[._(._-]_ne by failing t'o c_.:,qe, t},u,_ :,!lox.'.fn::

i hail. ILow L_ the I'DL; block v_]L'¢e St:gV 2 by i,;;iL,xg open; an_ _, S_l:V.,

[ by ra_,]io8 nl,tm to some po_Ltion gt'eatcr than that rL.qut_td for cot,trol]t._,

;F
-f triLklt.' flo:: to the stein.,. The fourth |lar.ar,: C4:Legory [11 assigr:,:eilt

,i
Js fur th,: CSKV vhich il_ failed elo_ed t_u]_I req,tlrc tl:e ]c:,_t¢ e.tfieioht:

tt.qc of the _.._tn ])F5 for pulse coo.l.ant supply to _:ho ro;tt.._,,] -.

i



I

"fl._t full f If'+.: r'eJCl'_,'++:," 'St ,_|_ll Ik:_ S+ VV: :++! tlhdP_,|l'ah;,: r_ + _.,b:[] ++Ly

L*'utv_t'._ in If,,' ', 'r].oC ,'" p. uv[.!i,_}; J]o+ Io t'}++- m_l[,I,ort st.r:w+ure.

'l'llc . ,I_'i_',++ ,+ ,t '":+':+ (:.gl X _.+ b+'ixe a :mple-. l_+rwt_(,4_,1 rP,jt,;rr,,++,gA. Thu:,
4

,'1,-.: ,',,:,! ++ , I: +' ; i.:'.,.'.h't" _111£41q'. ¢(,_I_1" llild tl;l'W;tl.Tl+tll_'On++£O+ r,..tatlvct.:

t

+ L_,v :-t..; ! ',"' j+,;,.:, a'_d l,r+)l,i,l+ ruP.Lectol pu1+'.':d [tow durJ+t)+ _+e,oldo;.+_,

j ,x f.:;l t. I',': t. ;,,, ,,r I +,i) full o!,(,, el th+ (':+{:V*s {'dnl_ot be LuJ-ratt+'d
l,,:c. ," L!-," f::i 1,.:+_' vaJ;n(,t b(- i+,'++1,4Led. "I'1+_ .c+.-_['\rtb...|;;;';o ;t t:[++,,'1..j..-'. rt;p-l. LJ_' J

Of 5.1_.,_,}flJ+),i,li; l_mll ttlJdBl _JO%-t _+i++Jare l'Io,:,:<l jr "'+ver.+qc foc )+_I._0 :

tier+. _ln:'., t|_<¢ ,_tr,- (1,_:|; prop(+)tioDJ._[,, ti.u _ntjre :;u,..+purt r.['|'t_(tllP_. .*"jC,_

++ they c':_,q_,+l bu ;,,'1 ivuly iedo,::+al_i, Ttm- I++-'_(,',.p,'_' d¢'._.;t;l_ z, q_t.-,.:; up.,, u,r

l.]it' ' .... _'_.JC4 f, " '..... V :; tu b(" , ,c c-,+rz'y l,ut:: _, a1_n_ _'ith t!,c ('._,'+Vcv+_'.q; f: .. +

" ]0_ :.+*'._+ It,,': It, I_11 Cpt'It lul iq118u f1_;:. "' +

I
+J'li,, l,rol,,.,._;,.:t| ) t-<+|_:sj+;n rc,,resv,+ts an +:.pprt,'ich t,, +.Jr.f.) try ; he f:- '_ r'.

of :.._;,,," of Lh*' val%'us and to, rot, hire fe+er w J..es tu be ."t,n_t +,-.,,+," :'.:ri:+, +

+, pu1.,c ro+)ling. 't'lw. Intr,,+huiiot, of erJflc,:,1 +'++++.:to pt+vid. _,:-:+:¢.nt

IPJDi;"_:v. r_.¢ltlJr¢,t| ++to.,'l. and hyj,ast; flo_ red,ice= cl:_ List.:1| C:,r_tl(, _, ::_:.:: t;'+

_ the ::_CV'_. The u:.c o/" two-way SSCV_s s.i:.pl.lfjcs the.is" dusJ,':_ ._a:+ z+lso

permit:; a,:LJve rt,3tmdancy if reacttmz to la_lur(: i_ time s_.nsI', iv,._. (_..' '- +-
,++

uver +,tandl,y uprral.lon offers higher syslen x-ellnb_!tt)" a:;:l ]ucatiot+ c,f t':"

<+ third blocking valv_ (SSBV3) is predicted upen stand-hy redu_;da,_,.)).

Reversing the order of the SSCV_s and their b)ocking valve... (SSBV's)

++ permilu the Introductlunof cooldown £lov between the.,;e valvc_. Cyc] ing

one of the SSBV_ ia all that is required for pulse flo_ control. Yht_

reduct,:;the CSO/ from a complex shut-off and control valve to a simrler

• normally c)o:,_.d two-way shut-off valve which is opened and remains open [|
throop, h each ¢:nl:ir,: toe,dowel period.

+• _ det:aJlvd do_cripLton of the assumed functJnnal requlrcmeats and

the mathematical models zeprestmttng tim functions of the twd systcn_s

I

J
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. 5.0 ,]_:i,]AIZILT.'rY AI_J,YS:iSS (Cont*d) • _.,
,4

;;re presc.t,-d in .qppozldLx A. Co_po.czz¢ [_,£1u:c _aces dcriv.:d from

prcvlotzA tc._t cx_:rleszce were nlJp1/_..d to r_deJ_ for a _l.glc thrtmt_nl_ _:

c_cle _nd :-I_ S_-pul._e c:ooldo_l cycle. The probability of su_.:(,s_f'ully

c_)n_['le_In_..,,_e thru._¢i,t8 cycle l,chtd.ln_ co_ldotm £s e_tJr, ace,l ¢o be

0.975 f_,x LI.," Eefc-rc:,c,- SSCSS and cooldox_ system versus, th:- T_±F¢,s_d

•;yStt_., p,,,1.;.';L]lty o.r 0.989. TIsLs CO,:SlL_tctC_, as 50Z r_du_.tun -in

L'ailure r_.:" (_rea 0.025 Co 0.011) for n single rhr_;;ti,_ c).clc. The _-

_tt:_f$c._.-.- of _lwse ;+ur,bcrs Ss more Ipparcz+_ _'b_,,. exLr_,,c,!_..c_ to _ ,

I0 _-yc]e mi "_ou. The. Ke[crcnce deslsn e;hEl_.-. _ celiab_li"y o-r 0.77b
o

:,hile the Pro.oo_'d xys¢cm reliability i._ 0.6_5. _.

L .

[
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APPENDIX A i,"_

.rgl-_:_rW.l'i::'._AT.m_:: rl ¢._J...M01)r:J.._..0y.r,J'J,'y,_.y.:_cK._F._._&,'m..Pg...o_,_;.;R )3_:J!:.'.._Jt:'_ ,,
0:'_.sJL_'J.o_!_"5_rru¢_.__t'l;_.'.i:__c;N_2:' :isYsl'.,1 c0,,L,__Ie_a_x.'!7_s.&t,.'J'J..v _,.:i'_or_'s _,

a. I_:V::_,|:XC!.'.t'q'STO_ _. _

S$11Vl am! S.',:'V2 are N.O., SSBVj ."rod SSBV_ e_'_; 1%C. .-i.
SSCV',_ fail in place but do not prevent rever,_e t'mlse flow.

T

II, S_';I_::C]_OV n_"t:P.kTTOII I

TI_,USrU_ St;QUENCE .-

A. HO_HAL a.

$SCVl co.aL¢ol_ and CSKV pzevcnts reverse flow.

I_. FAIIJJ._E i. !_

_'_"%'1 f;z.! I_ in pl_co thc:n SSi;V1 _.;:d SSIIV2 close, SSBV3 and _
:...?

I"

SSI3V&o:,c:n and SSu_ 2 control_ and CSKV ccnt._.cue c _c i_..v_: ? _.
.}

revegs¢- i low. _-- I

• t_'r,
r

A. NOIUIAI. _1"i_ FLOW : ._

5$1;V1 o_:_ ::_V 2 ¢lo_e vhLle CSCVl opens partially for stem flow.

IS. PULSING •

SS_F 3 opens and clo_es for each pulse while CS_VI opens wider ":;

and closes to et_ flow position for each pu)se. SSBVI remains ,,'
_",,
:!

closed. Pule_ql through SSBV3 is preferred because it is more ,_

probable to fall closed wh_e $SBV l will store probably fall '!_

open prcventl_ll furtimr pulse cooling. " _._

C. FAILURE. MODE _" :!

1. Stem flow mad pulse flow _ .;,

If CSCYl fa£1s to control, CSCV must close and CSCV2 controls, l.._..

2. l_,,e flm,. I]'_
If SSBV 3 fails to open then pulse flow thru SSIW1. _ ,

• t
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_ut

1:_ = _SCV =" Support St rttcturc Coolant Valve

,,,. SC '= CSCV ="(2t_(.,lant _iupp.ly Control Vttlvo -"

"" |'V " .t;SltV - Stl|)po[t .e,i:rt,:'Ltlfe Itlock Valve

ol

I' = l'.'f,b,of Stem C,,olant Flou Controt
'N'I'I'_;

KI,ULt;E ' •
, = I r,,,,, of /'ul:,e C,)olant Flou Con! rol :

o/t

: -. ll.ct._,.; ," R1 :< tl? x R3

_ t
RI n ]'rc,l,:tbitlty c_f titruqtin?) with no c_=_.pnnt-nl: fu;.11_res or

i,_ succ_-s._lulthe.sting wj ! h Isol_te_;ble cc:apone,_tfatlt:res

_ R2 = Cnola.t Sul,ply Nectmrk-- probabllity of cocldo_n,vlth nt:

component f;,Jlures or m,ccessful cooldotm t_lth lsolatoable
taw

comp,,n,.t,t fa 1lures.
T

•b R3 =` P,lse cool£_. - probcbJliLy of no blocking valve fatl;;t_-._

-, or probability o£ successful pul:;e cooling wltil isolateable

°" I,locl_ v::lvc faUure.

R1 = 1.'.c,_41-cv1 4" (l-Rcont-cvl) R,--bvl r.cl,v2 Rol,v3 !_t.bv4 Rc_,,tt-cv2

Rrt.v-lk • CSKV
i

_. R2 =, Itstem-svl Rpul_tc-_,Im+ (l-lLgtem-slv Rpulse-svl) Rc-s'sl

-. Rstcm-sv2 Rpu Ise-sv2m

R3 " Ro-bv3 m Rc-bv] + (1-Ro-bv3) Rc-bvl m

_here m - number of pulse cooldoun cycles

It. PRt)I_(}SI;I) I)_;._ICN

o, l • ASSU_IE

-- SSI_V2 £s N.(;., SSBV1 and SSgV 3 are N.O.

"" SS(._s fail. In place and, if failed, prevent reverse ptl|se glow '

In their let;, CSCVs are N.C. two-way valves, i

e.

t
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1[, S_UI';NCi'; 01-"OPEItATIO|,; _

TIIAU_TX,_, SF;QUI':_;CI:

NO_I, _

_'ji;Y I r_'_.,;._ o|,_'.. SSCV z control_, $SBV2 ar,,l S._CV2 rc.mntn closedl _,_

5Sli_'3 r_.,,,::L_:s opc:_, lt_\ opens, C,qKVl:_revenLr, reverse ]ea|_age. _.; !

SSL_j fai],_ to c¢,._tro] _.,,-n SS|tV], and SSBV3 clvse, SS}sV2 op¢.s

awl S$C_'2 colitrols. 5;": rema]t'i open.|

SSCVj contro]_ ,_teln fz_,-_', $58V l pu)scs. SSBV3 remains open.

If .q._t;V1 £_;;s to close .*hen S._CV1 ts clo._ecl, SSBV3 is closed and ;_

SSBV2 pt, ls_._ ar_i SSCV2 t-ontroJ_. ][_ SSC_' J_._|i._ to control then ,...

SS/_I'3 8n_ .q._1;71clo.qe, ,_hV 2 pulse_ m_l SS_r 2 controls st,-:._ fray.

] l I. HATII :40bl.'l, ":

Ira - l_olb'o = Probubil/t,_- vaive opens and re,_olns open

Itc _, RePort ,, Probab511L._ valve closes and re.males closed _-

ltcoi,t _, Probability va/_-e controls _Iov iL des/red rile

cv - SSCV - Support Structure Coolant Valve

bv - SSBV _ Support Structure lilock Valve , :.

ekv - Che('k Valve

It network - R1 + It2

ItI - Probabt.l|ty of m_ co_pommt ,_LLluree durtn 8 thruatJn& and

no couponmtt fallura_ dur/n8 cooldovn or successful cool--urn

vAth Asolatuble cr_one_t fallureo

R2 = Probability of _u¢_:e_ful thrtmt/n8 rich /nolatible component

f_JLJur_, and suh_queut macces0ful eo_ldmm v_th lmolitabla

thrustLn, ccmponont f.,luro. _ _._ {.,,

b
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•_ Rl = Reont-evl l'rev.lk-ckv Rc-bvl RconC-cvl + (l-(Rc-bvl)) '_i
Rc-cvl P,c-i_v3 Ro-bv2 m Rront-cv2

.m R2 _ (I-(RconL-c,:I))Rc-bv]. Ro-bv2 Re-by3 Rcont-cv2 Ro-bv2 m

_" Rcont-cv 2 l;ccv, ik:'bkv

! where m - =_umhor o£ pul::e cooldown cycles

sXNcU'.c'v!:::.v:_v!,_ly::_,:_':_ At'rLXe.D'tO,_TH"MOnV,LS

i l)efini t ton:_: R --. l'robabiUty of successfu] ly:

_',O_ OtJ_ltil, _

_l Rro _ rem:HnJn_ opc_

Rc - closing

I. lCrc = rumainln8 closed
: ,.am

Rcont = :controlling

/.

_[ N.O. = nor,:_utly open, ;'l.C. = nort_Jally clo_cd
• Rrcv. Ic.-,k

'" F.ZP__:. so. .Rr'2 y._c l_r._c, l:c.._2.n.$. (L...._._)_

'i_, (:SCV ShutofJ: and .9425 .9440 .948 1.0 .9383 -
cont ,,:1 valve

' CSOV _o.-w;,y valve . 1.0 - -
_t 9_5

CSKV Actuatcd Closed 1.0 1.0 1.0 1.0 - .916

!' check va]ve

SSCV Three-way .... .9366 -=, control

SSCV Two-way coutrol .... .9383 -

_, SSBV & CBV Two-way 1.0 1.0 .9_25 .944 - -
_. block N.O.

:_" Y_o-way .9425 .944 1.0 1.0 .... •
2

., block N.C.

.,, ltKV Check va]ve 1.0 1.0 1,0 1.0 - .946
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. MEMORANDUM
!

_jr •

|

TO: P.P. Ventur• DATE: 24 November 1969
7850:M0343 _"

FROM: J.H. Ramstha]er
F

SUBJECT: Reliability and Safety Review of "Engine System L.
EvaluAtion for Alternate Sources for Turbine Drive Gas,

Hot Bleed Engine, S-054-015" _

COPIES TO: J.J. Beereboom, W. M. Bry•n, D. Buden, D. S. Duncan,
R. V. Evleth, R. B. Gluscock, J. M. Klan:king, :
C. F. /_eyse, B. Mamdell, I. L,. edgers, D. E. Price,
E. A. Sheridan, L. A. Shurley, S. A. V_rg&, E. J. West, A. i
W. O. Wetmore, A. S. Woodham, R. B. Wright
NTO: W. H. BushneU

&°

REFERENCES: (•) Memo 7850:M0318, dtd 30 Oct. 69, W. M. Bryan to
P. P. Ventur•, Subject: Reliability Review of Hot
Bleed Engine Trade Studies

(b) Memo 7850:M0239, dtd 6 Aug. 69, E. B. Cleveland _"
to R. B. Wright, Subject: Reliability Ev_tmttion of
Diluent and Bolt Coobmt Concepts - Trade Study 006

(c) Memo 7850:M019Z, dtd 19 Aug. 69, E. B. CleveLxnd ,.
to J. L. Watkins, Subject: Reliability Comparison
of Three Turbine Drive Gu Systems

i The subject report has been reviewed, as requested by Reference (•), _"
; and is satisfactory for submittal u & nommm_gement approved study. This i

restriction is considered necessary bec•nse • safety •nLtysis was not performed
in support of this study. It does not appear worthwhile to do • safety analysis _
at this time since the hot bleed design is no longer being considered, however,
the study is incomplete without this evaluatiou.

The study was reviewed for Reli&bility considerations sad is in geners_
agreement with the rel_bility u_tyses of References (b) s_l (c).

Manager
Reliability & Safety An_ysls Section
Nuclear Rocket Operations i.
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TO: S.A. Vzrga DATE: 2S November 1969 ii
7850:M0346

FROM: E.J. West

SUBJECT: Reliability Apportionment of Current Reference
Engine Concept

I COPIES TO:. J.J. Beereboom, D. Buden, W. E. Caxnpbell, _i
A. D. CorneLt, R. W. Froelich, R. B. Glasscock,

: | J.M. K1acking, L. E. Little, B. Mandell, :
! J. H. Rarnsthaler, E. A. Sheridan, L. A, Shurley,

J. J. Stewart, T. R. Thompson, 7850 Personnel
NTO: W. H. BushneLl

! ---
ENCLO6URE: 11) NERVA Engine System Reliability Apportionment

| '

I A preliminary reliability apportionment has been made for the current 'NERVA Reference Engine Full Flow Concept &s defined by Dr&wing Numbers
1136390 and 1136391. Thr engine system w_s divided into subsystem and
component groups as specified by the NERVA ENGINE SPECIFICATION TREE

I (Dwg. U37101).

Apportioned reliability numbers are included for components for which

WANL has responsibility. These values are based on a hot bleed analysisreceived from WANL with the fuel element prediction lowered from approximately
.99 to .90 to account for the full flow design and its longer life requirements.

l The apportioned reliability values are presented in Enclosure 111. In _dditior.,
Enclosure (I) includes the predicted reliability values for each of the subsystems
and components that were used as the basis of the apportionment. In deriving

I the apportionment, a mission of ten cycles wms assumed to f&cilitate calculations.A 60-cycle calculation has a significant effect on the predicted reliability but
little effect on the apportionment. (The b0-cycle predicted engine reliability is. 33)

For expediency, this memo is presented without substanti&tion of the
prediction. That &nalysis wiU be documented in & subsequent memo.

!
J

E,_. West
Reliability
Relisbillty k f_dety Analysis Section

"" Nocle&r Rocket Oper&tione

I ultcm' v I ., ....
........ '_ _o''" L,,,e i,
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Enclosure (1) _ ,
7850:M0346 _.:

NERVA ENGINE

SYSTEM RELIABILITY APPORTIONMENT

(10-CYCLE MISSION) _"

4

RELIABILITY*

_' Predicted Apportioned i

NERVA ENGINE .832694 • 995 i

NUCLEAR SUBSYSTEM .888498 .926823

FU_L ELEMENTS .900000 .927184
&.

CLUSTER HARDWARE .927623 .94329

CONE PERIPHERY .926585 .94037 _.

SUPPORT PLATE & PLENA .93360 .948195 _

INTERNAL SHIELD .9450 .95859 _"

REFLECTOR ASSEMBLY .927194 .942088

CONTROL DRUM DRIVE ASSEMBLY .926446 .938998

SUPPORT STRUCTURE COOLING CONTROL _

SYSTEM .988672 .93677

SSCV & ACTUATORS (2 ea) .9Z8251 .93741

i SSBV (4 ea) .928152 .93760

CSKV .93300 .9480 _

CSCV "926167 "93891 i

LINF.,S .93460 .9485

CSL (3.0) _
%

SCBL (3.0)

SSCL (3.0) _ t, '

SSCL (3. o)

/

li
,e Subscript denotes number of 9s, i.e..926823=.996823 _-_"__
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' _"_ .;.elomure _Lp _,
Jt 7850:M0346
| Page 2 of 3

1
RELIABILITY

' | Predicted Apportionedi

I NERVA ENGINE (cont.)

PROPELLANT FEED SYSTEM ,921809 .93766

" l PSOV •9 ;p7862 .93710

PDKV .93300 ,9480

•1 TBV .927463 .93644

I TDKV ,928701 ,93480 _

BCV 12 ea) .928002 .93732 }

! (2e,) .927463 .93642 i

'_ TPA .928771 .93831 I!

PIL "9480 "9567 1

I PPL .93780 .9478

TIL .93740 .9477

! TEL .93740 .9477

_, TBL .93740 .95Z60

! ENGINE PURGE UNIT 928988 .935
!

_" PNEUMATIC STAGE TANK PRES, .93280 .94794

SPKV .93300 .9480

SPSL .9480 .9640 _

"" NOZZLE Ik BOLT COOLANT LINE &

,, ORIFIC E •92619 •93891

,, NOZZLE SKIRT .92660 •9403

"" NOZZLE SKIRT EXTENSION . 92830 . 94515
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7850:M0346 _.
P,_8e 3 of 3

RELIABILITY

PredictedIt t

NERVA ENGINE (cont.)

INSTRUMENTATION & CONTROL SUBSYSTEM .965438 .93014 '

EPIC .971256 .931842 .
• .

WIRING HARNESS .93854 .95585

]NONNUCI, JgAR INSTRUMENTATION .9Z7088 .94173 ._

NUCLEAR INSTRU_ATION .97.7088 .94173 .

POWER SUPPLY • 94710 • 96177

THRUST STRUCTURE SUBSYSTEM .93640 .950

UPPER .93888. .95689

MIDDLE .93835 .95542

LOWER .94710 .95781

SHIELD SPACElt, .9560 .96889

EXTERNAL SHIELD SUBSYSTEM .9465 .960

GIMBAL. ASSEMBLY SUBSYSTEM .934Z5 .9484

GIMBAL ACTUATORS & SUPPORT RODS .93550 .94875 _.

GIMBAL BLOCK .93875 .95652

PRESSURE VESSEL & CLOSURE SUBSYSTEM .94 .957 •

T" ;

L

L!.

¢
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i MEMORANDUM

TO: ¢. W. Funk DATE: 10 December 1969
7850:N0361:EJV:Jak

FR_: J. it. Itmmtheleur
Y

SUBJECT: Hatarials Test Plan laviw

l COPIES TO: D. t_den, a. D. Cornell, W. t. Canphell, U. E. Durkee,C. E. U/zoa, J. M. CuminS, C. M. hnk_ L. D. Johnsoa, r
V. Kshle, ¢. t. Lsopar, D. Lsmvetueyer, B. MaudeU,
I. L. (}dim, W. E. Stephens, L. Sherley, R. L. Sprinser, ._

N. Lev, V. O. Meteors, Sectioa 7850 Pereennel

ENCLOSURE: (1) klLsbiltty Audit of Natetlals Test Plan 12-5-69

[
. & reliability reviev ha8 been uade of the current suttee/ale test plmmtaS. 0

Detailed caementa 8re provided in _ncloeure (1).

The materials test plan is Mserally adequate for _ine I_L Bmmr, the _
-_ documents should uo¢ be released until the many lncmmisteacies noted _

_los.re (I) m corrected, i

I From a Reliability v/ewpoint the data saturit7 and the ecbed_e of dst8 maturity
ere 8cnerally inadequate for _t des/p 1_. It is felt that at least
"A" type uaturity of data is t_quired before componeut N for an eritl_
design problem areas affected by nsterlal properties. These critical problm_t

related to noterial properties should be distinctly identified in the pllm so
the7 are distinSutshable from the material properties for _dblch deslsn sllmmbles

• are required uhich _ll also require A or B clm data.

It Is unr.ic(pated thet sum of the_ cr/tlcal problems and same of the uaterial
, deslp allovables e_ll require coa_leto statler/teA defin_tion of the rediatlco
.. effects. The irradiated 8iple sizes presented t_ the plan are /nadequnto to

perform soy s/self/cant star,tic evaluatlun.

. The radiation effects test/aS is appar_tl7 based ou the Jmlpmmt thst tll
selected aaterlals Mill be acceptable. 11_ 1/atted saspls 8L_es to he irred/at/_l
viii not statistically refute or prove this JmJ_mmt. If an insiplficant shift

: in nean values Is experienced, the unirradLnted uean and vsriance vtll be used.
_" This 8ssmcs tbat irradiation does not effect the data spread. This hypothesis

viii not be adequatel7 tested. If an appsrentl7 significant shift is detected
then tl_ s_erlsl stay be rejected. Mith mall sample sizes the risk is hIsh of

-. reJectin_ acceptable uateri81. If s sisnificant shift is detected then additional
irradiated smsples nay be desirable before conttnuln 8 vith uirredisted testing.
The results of initial tussle8 should effect _he sequence of tests and the umbers

" : of tests to follow. This kind of Io81c is not apparent in the ¢_rl_mt plan.
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¢. V° Funk _- 7850ZH0361 _.

w.

TI_ naterlals testin8 is an taportant part of the desien £or reliability
uethodolo_y. The relinbility proeran plan (R-lOll requires thee ell testiaS "
evolve frou • systematic study of failure mades. Therefore. the materials

test plan should reflect this and present an intqrstod effort by all of tim _.
technical disciplines concerne4 vlth matez/al8 propezt:tes. Furtheruorej IglO
should not submit • Materiels Tit P2an u4aich does not include _ zequiremeut8
and desired tut_. _.

t
All materiel8 testia8 oa the IlglV& proex'mt 8ttould he desLped velds a coemom [
philosophy 8s • basts for both test planaLq and stetistle_lL uw_L_f818of the
results. This will avoid duplieatloa of tantin8 and the cempetibility of the _: %"
fia_l remslt8 v_ll in some instances provide definitio_ of mtm_l pzoperttan
over • broader reuse of euwtzoumm_s. _"

hliebill_ • Safety amlTs18 Secr.l_
Jhclanr hcket OperaUem

_PSPJWV]_=

nmdeli. Xmneer
_. systm nqNn.tmant
Uoclemr_ olmzatsms

!

i_

Li
i
I
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|-
(t r

. IEL_BILI3T REVII_ OF I_TEIXAI_ TEST PI,JdIS i

.F

alMiIOCT_ IIY

1 '• t

: C(IqMIMT ANALYSISGMOI,IP !

!
Iti_IABXLXTYAMI)SAFELYANALYSISSECTION

IECIMBER1969

!

?

f :

¢ IX. GMMEMALOIMM_RTS
t
* IIl. RADIATIOMMFFMCTTESTXMG

IV. ¢CtaqMMMI"1PIt0MJ_IAltlLU
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X. __S

Tvo _lc fetus wre _t_ u the ¢,umtpl_ to be __.

_-re: the IdemtifJr_ntl4m of J_tetJa18 h_JJbI8 Bed SImM7 If NOtSTJSI8 h&8

Priority aud P,atmrlty.

Tie pt_lea sheet ws assessed fe_: ¢mpleteum ot esevoem_8 emNt,34

adeqsJ_y of predicted eu_umlm_al t8888; esup_ d mMettals, Jueludt_8

fonm (i.e., fot3LtsS, sheet, $¢e.)I and ldsMliieMleu of 811 emee_81 pebbles

•. Ir_l illi llI.

i b. _ilil i __ _ ws empmred lilt /_ d

%

t/i IfKts / i _ 8 mspm_u_t_ ltl lllo il

i _ viii il i_ /lli i-

h i i _ i l, _i I II$]_II_ bill _/o

_, i_ _feci8. _ i _oul _ P_Jects.

It i l/ tlt i i_ Tit II ts _ll II toi

i I _tiicl _ _I _ts i I_1© tilt pl

m c_rreci_. _ _l_, _ of _ irra_e_d _le SlNI _ to be

• llilltl vllbt i llln _ luit to_ ._ i. bit il

i_ Illi_ i i /_I Of / ill_ I _te for ili Ip "

ilutIi, It Is felt tht ti leut I type utility it li _ II k¢l

to;?
_o ", i

>
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B. i_I011TY AID P._5'URI't_ _ (Corot°d) i _"

3. The temperature uador test tequiteNUt8 for irradiation and [

t
property testin8 is not cloar - Nparsto colunas should be provided for thB i _.

bdtstloa _ Tesqmrsture and the Natetial Property Tost Emfiroument. i
)

_01J IS SIN LN lOft LiMP ff/dJAtiH l_0JJdmN ad th tNt ltlJ08_N, ThSH i _'
8

is M olplitloa to _r thl tERpOrtlL_11 C]feliS 8 dwrin 8 I_dlsticet euq_sutlt. |

C. JtSCIF/C __ _ PLJS _ S_ZN _) J"

1. I_r each property to be testod_ con_Ks should be added presentin8

mathade of srrlvla8 at ample slus sad mmhars of heats, end specimau vit_n |

be_ Jecludts8 dots sources, if amy.
1

_. It 18 not clear keg tbe declstess were node that certain properties
i

m ecrittcal to desf4mm. - The basis for these decistm 8herald be prorated.

3. For tie uairtodlatod tostias, tbe 8uidin8 dseuseut used for estsbllshin8

the ummber8 of tests to be emducted u88 T.B. N, uhich 8peclfle8 that 15 desree8

of freedom are required to estinato the veriatio_ _c s perticulsr material property. -,

TMs direetl_ us8 assumed to apply to 811 mseboniul pro_rties for vbich

esUnstes sre uquired for desip purpoeeSo In order to detomine vhather planned

tests viii satisfy this roquirem8_, estinstes of _thin beat snd mson8 heat variations

are required. Giver these estimated verLatloas, the mmber of hest_ and specfnm

_tktn baat8 which sumt ha tested to satisfy T.D. 28 ten be detetu_ned.

procadore m utilised to utsbllsb the material test requtrmNnts
!
a

for tht crltiesl material properties, ks a result, the if of 8]IMICM KIl_du]od ,

for tostiu8 are, in 8eueral, hlKhly acceptable, i
*

4. A 81mllar tTpe procedure Ier doterminiM test 8_mple st_ should be

utilised 57 VAIL.

S. In sum cam, hmmer, it is _ that the mmber of cuts

should be increased, since prior data, in theme cases, indicates h_sh vithin hut

T
vazistions. These are presented in the follovin8 table: j

i:
[
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i -4- CUnE_LY . ,
PleaSED ItICCIMEI)ED

l /_ATI:RIAL TEST__,TYPE SIPI_I_LT. .... S_C.Y_S_!AT

718 Alloy Tensile, Facture 5 g ,

(Forging_ Sheet, Bar) Toughness
TJ-6AI-4V Alloy Sheet Tensile $ 8

, Ui)iHk'r 630 Tensi]e, Fracture S 8
_ Tovlhnese ,'

6. The design changes recently /nplemmtted for the Sk/rt btensiem have
made obsolete the materiel test prosram premmted for Graphite Cmponite. Ilo

revised test plan is available for review.

?. The corroslem and contamination teats plans m_ also not ava/lable

1 'for review. |

| 8. Searlns _md Lubricant Test Natr/x N-If

" ia. In/tLsl toter/s1 screen/q of various candidates - The durations

I are presented, with materials personnel revealed
of these tests not Olscussioa

tlmt these are intended, in 8eueral, to be tented to failure. This is not indicated

i in the plan.

r b. Bench tests to evaluate prime candidates - It is indicated that
!

all tests will be continued for 10 hours and 60 stop-#tert cycles. From a
T

Reliability standpoint, this Is unacceptable since only the initial and final hard-

ware conditions at the required engine life can be measured. It is suggested

._ that groups of units he tested to specified durations exceedln 8 the required llfe

T in order to permit est/suttion of trends in degradation if they exist.

D. TEST SCOPEDOCtMEHTS

In general, the test scope documents ere acceptable, since they provide
_t

complete and comprehensive discussions of the types of /nfomtion required from

the testing. However, there appear to be severe discrepancies between the test

-. scopes and the actual test plans resulting frou the test scope documents. For
t

' !

*'" example, the. test scope for 18 Hi P.treging Steel requires eight mechanical and

• physical properties, while the test plan presented for this material presents

tests for determining only 3 of these properties. .
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An overall plan Hi,mid be coordinated sad qreed upon Jointly by Red.

Ff__._-tsand &ttertala. The plan developed by lad, Effects sbeuld be nod&find

to e,mstder tim test facility eaimbtltt/an, a current caaplete umtevtals tint

!
ln,'ludtn_ the mmterlat fonts, and the miroamtal levels, After eppreval,

this plan simuld be ristdly edbe!sd to,

The current pin does mt provide for the det_emtine of thresbeld

values. The audit did not detelmllm tim iulmet of not defimtn8 threshold levels.

If this is important, then the plem should comtdev it,

11m destsuers are coutdevin8 additional state,rials not cu_antly incleded

in the plan. This may be due to recent develoimmts since the pXl was deftuml,

11mrs ts sane qututton eeacnrninS the forum of umtertals and the Ned for

irradiatin8 some mmterials. For instance, the foUotdq mtevials era listed

as having rediatioa effects 88 a problem, but a:e not included in the radiation

plan.

Ti - 6A1-4V (Sheet) __

Tt - 5AI-2.5 S ELI (Sheet)n

?039-T63 Sheet

Al 2024 Forsing

Waspal loy Bar

In)mET 630

A286 Bar and Forsin8

301 SS Sheet

In 8eneral, the smaple sizes are considered niniual. Any statistical _,

inferences will have low confidence. The AG Carb pin contains only t_o tests _'-

at each condition. This is unacceptable, since it will not permit any estimation I

of variation and very poor estimates of means.

An attempt yes umde to superimpose the Materials Plan on the Radiation l

Effects proposed matrix. This van difficult to do since some conditions do not |

fall within the umtr/J. Any testln8 planned by W&qLon these materials should

I
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e /

I also be includud beforu any conclusion can be meda about the overall cemformmce

to the proposedmatrix.

J IV. COHeOh_:_'rPJtOIg._^_F,_mmm_J_m.m_

l l_rins tim l_mVteV of the tJmpact on deaip ef chaste/uS to tM Full Flow EuSi_t
c_,nr_,pt froa the bt Bleed I_jine, critical mteriels problem wre identified for

I tlw major components, The Nsteriala Test Plan m rovieved to verify that tests t
were planned for all of these anticipated probleRs. The results ere mrised in

Table I and show four items that apparent17 are not coveted:

1. No red, effects tests are scheduled for &286 materiel. The reference

J _no on Table I indicate that this material nay replace Titanium and Inconel for t

l the Turbine ltotattn8 parts.

2. There are low cycle fattSua tests planed for prtN Pressure Vessel

I •cyxtnder and closure 7039-T63 aluminum but none are scheduled for the backup !

material 6061-T6.

3. Compressive strensth d_ta ts required for the Thrust Structure materials,

however, no compressive tests are 11sted for TI-6AI-4V and no tests of any kind
for the sheet form of 2024-T62 alualnua. Annealed sheet is noted as beln8 the

I material form to be used for the Upper, HIddle and Lover Thrust Structure.

Sleet 6061-T6 and 7039-T63 aluminum are also listed as beth8 considered for chess

! •
components. No compressive tests are scheduled for either of these materials,

I and no tests of any kind for the sheet form of 7039_T63.
4. The effects of Pressure Vessel seal wear with pressure cycllns were

,, posed as a possible problem by the reference memo on Table _j but no PV seal

tests are listed. Tests are planned for 301SS seals and HoS2 lubricant and _

; _ thls may be acceptable to the PV problem, ji

' t It ts possible that data is available for the questionable areas noted

I above, but this Is not evident from the test plan.

; ,, ._ The follovlng sections discuss speclfic problems related to tlue major engine

.. 0o.,.0.,..
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A. TURBOPUHP ASSEMBLY

1. Aluminum 6061 and 7075 are being considered for the hydraulic

inducer turbine rotor, however, no damping tests are planned for forgings

of this material. The damping data rill be required to predict the blade

strength. In addlt_on) the tensile tests for "B" type data are not scheduled

until September CY'71 and this data viii be required by component PDR for an

intermediate stress analysis of the primary stresses in the TPA.

2. The turblne/pump housing is noted as sheet and forging materlal,

however, the present design uses velded 347 castings. Tests of this form

should be included in the test matrix.

3. The inducer shaft of Inconel 718 should be added to the TPA

Identification of Haterlals Problems sheet. The turbine shaft should be

evaluated as a flnal machined part because its fabrication results in extensive

residual and re-entrant stresses.

4. There is no test planned for thermal expansion of 347 sheet or tube.

llas it been determined that the data from forging tests wilI be appllcable

for sheet and tubing?

5. _se maturity of data for the crltical TPA failure mo_e was revlewed

and is summarized in Table If. The properties required for both the prime and
i

backup materlals for rotor rupture and blade fatigue are listed and the schedule

of data maturity shown. Qucstlons are noted in the Remarks column. It is not

apparent from the tabulation why a higher maturity of data is scheduled earlier

for the backup material tensile properties than for the prime materlal.

B. NOZZLE

I. Complex composite structures, such as U tubes require precise evaluat£on

of axial bend stress due to cyclic axial thermal loading. This requires a panel

section to be tested% rather than a simple material specimen to account for shape

stiffness.

C. NOZZLE Sr._RT _NSION
la

1. The skirt 11 be oubJected to dynamic transverse bending stresses

e_
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C. L1nv_1.,_,....,..i:_IRT I_TEN_It)N (toni 'd)

and r_.quires the evaluation of the bending modulus of rupture. This also

requires a typical panel section as a specimen to account for composite

pact stiffness.
¢

2. 347 Js used extensively in the nozzle assembly in the TPA. t
t

Ilydrogen embrtttlement is listed as a problems, no hydrogen embr£ttlement

I test b art" scheduled.

3. The AG Carb skirt extension is the prime candidate by TD from

t NASA. The backup design is a film cooled 347 sheet concept, but is not

i listed on the plan.
4. The materials test plan does not reflect all the actual physical

' and muchanical properties of AG Carb which will be determined during

testing. The A(; Carb detailed test plan, however, has been revised to Include

, al] properties nccessary to Stress to make a proper analysls of the deslgn.

Test results will not be available by PDR.

5. The expected radlatlon environme-, is listed in the Haterlals

Problem Summary as being a maximum £1uence of 1.4 x 1019 nvt. The fluence to

which the AG Carb specimens will be subjected according to the test plan is

; 5 x 10TM. If the expected radiation environment is correct, the specimens

should be irradiated at the same level.

- D. NOZZLE SKIRT

I. The nozzle skirt will be subjected to low cycle fatigue for

which the bending modulus of rupture is required. A typical panel section will

have to be tested to account for stiffness of the structure.
r

E. PRESSURE VESSEL AND CLOSURE

i. The predicted environment should go as low as 40°R. Therefore, _:

• ng temperatures should be lowered to this value for the vessel materiaAs. '

2. Udimet 630 Bolts test radiation levels are at 10TM,while the

expected exposure is 1019,

' .4 ;/.::.-,,

"'1

1976068581-326



F. VAIN_:S

1. Various materials are under consideration for use in various

v,,lvedesigns and are not included in the composite Materials Test Plan

_.,sobtained. Of these, the blaterlals Department disallowed the use

ot 17-7 and 17-4 _li for springs. A better spring material will be specified

f,,rvatve use, Phosphor bronze, beryllium copper, and beryllium nickel 440,

for use as lip seals, are being investigated for suitability in cryogenic

and radiation environments. These materials are not currently in the plan.

2. 301 SS sheet is the prime candidate for the valve and actuator

se-ll. The problem summary lists radiation damage, Hydrogen embrlttlemcnt

and physical properties as problems. However, the test plans do not include

testing in these areas.

3. /l_ and Udimet'630 bars are listed as prime and backup materials

for the actuator sprlngs. One problem anticipated is torsional modulus,

however, no testing is scheduled for this property.

G. LINFS

i. Some materials have been listed as having a radiation effect

problem, but at. not planned in the radiation testing. These are discussed in

the Radiation Effect section.

2. The effects of welding are not adequately covered.

H. BOLTS

i. Fracture toughness is listed as a problem area, however, no

tests are indicated to test for this property.

• I. TI_UST STRUCTURE

i. AI 2024-T6 sheet is listed as a prime material candidate for

the upper and middle thrust structures and a backup material for the lower

structure. The problems listed for this material are variability of mechanical

properties, fracture toughness including compression, Joint properties, fatigue

resistance and radiation damage. However, the only test scheduled for this

_,aterlal is tensile without radiation, which may not be sufficient to solve

/-
,A
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( 'l 1 ' ' ,I. 'I'LIRIS,_;i' ,, ,dC. ll,t, .S (Cont'd)

i 2. Tli,. l+r(,blt'm ,,_u:u,_ary d_,ee not repeat t},e problems listed for

the Ul,l,cr structure, evrn thout-h the t_.nterlal candidates rrmain the same

t for the middle _,nd lower structures,

I 3. AI, 2024-T62, 6061-I'6 and I039+T63 are all listed as prime

material candidates. It is not clear just which is the prime material to be

I consi dered.

4. Ti 6AI-4V is listed as the prime rLaterial for the lower thrust

structure and compression as a problem area. No compressions tests are

l shown for thi.,; material.
5. Heat transfer propertie:-;such as K and J., necessary to determine

i at whal temperature.the part will be operating, are not listed for evaluation, iI

1. ELI'.CTRICALCOMPONENT MATERIALS TESTING RECO._.IENDATIONS

i
i. Since the actuators are to be electrical, consideration should

I be given to the insulating materials for use in solenoids and motors,

2. Samples of coated or insulated wire should be radiation tested

to determine the effects of radiation upon the bondin& of the insulation to
!

the wire and changes in insulation resistance. Candidate coatings may be among

, the ceramics o_ polyemid._.

3. Methods of terminating or joining wires should be tested, i.e.,

soldering, welding, swa},Ing, etc.

4. Dry lubricants for bearings such as radiation M S and M S
, 0 0 e.

s|u,u]d be tested under radiation.

5. If magnetic powder clutches are to be used, the material properties

of the powder under radiation condftions should be evaluated.

5 • / /
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MEMORANDUM

TO; P.P. Ventura DATE: 12 December 1969
7850:M0368

I FROM: J.H. Ramsthlder

SUBJECT: Reliability and Safety Analysis Section's Review of
Pressurisation and Actuator Gas Requirements,

I Dat_ Item S-0S4-017

COPIES TC_. W.M. Bryan, D. Buden, A. D. Cornell, R. V. E,,leth,

I R.S. FairalJ, R. B. Glasscock, J. M. Klacking,
C. F. Leyse, B. Mandell, I. L,. Odgers, D. E. Price.
E. A. Sheridan, W. O. Wetmore

I NTO: W. H. Bushnell
REFERENCE: {a) Memo 7010:204ZM, P. P. Ventura to Distribution,

dtd 9 December 1969, Subject: Pressurization and

I Actuator Gas Requirements, Data Item S-054-017

1
The Reliability and Safety Analysis Section has reviewed the subject

i r,'t_Jrt and find it acceptable as written.

t

:/"_ RarnsthaIer, Manager
J._H.

ReliabiIity Ik Safety Analysis Sect_o._
• Nuclear Rocket Operations

I
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! f.

MEMORANDUM

" ,,: C.W. Funk Date: 23 December 1969
7850: 0380M

|-','on.: F.C. Vails

_t_l,i, • " Kt-v_c_v of Matt'ri_d Test Plans

(;el,i," :,,: • W. M. )_ry_u, D. Buden, A. D. Cornelli W. E. Durkee,
R. 1_. (;l_t:.sc,,vk) V. E. Kal;I(., D. J. Lamvermeycr,
B. ".l.tt.t!t-]l, .X.J. Miitanovich, J. 1I. Rar._sthaler,
E. A. Sht'rid.tu, W. E. Stephens, E. ft. West, File

}b_,-i .... : {1} "l'.tbh. 1 - I_*at(-rial Tt.st Plaus

I,,'vi,'w ¢,t t!:(" thirteen Material Test Plans listed in Enclosure (1) indicates
:i,..! the. i)h_:.ie.tl litatt.ri,t] pro[_rtieti required for the application of Reliability "
..,,,.1_ tlcal tt.cimiqucs to tht. desigu process have been substar, ti,:lly idcutified.
I I,,wt.x.t.£, th(: foll_)wittg recol_ltneudittiolts are forwarded for your consideratio:::

1. 'l't.tltttic_d C¢)mnlents

a. It is suggc-sted that properties of composite sections, such as the
)t'it,f()rv(-d t:rnl)hite waffl(, ext(.nsi,)n _tl_¢l skirt tube buudle, be obtaint-d from
0t(-tu.ti :.izt- test |)&n(.ls with appropriate radii of curvature. The values of the

},,'tmc[iot_ ,n_,d,tli of rupturv Byk ant! I3t, k for these stru,-tures should also be
:.t.di._ticdi]y evalua.t(,d, sitlce th(- 7 are included as Stress Intensity Limits in
.qN I 'O-C- i.

b. Test Pl;u_.g for the deh.rmination of material fatigue strengths and
(.I,dttr,tnt:t- limits should be changed to include values from notched (K T = 2,4)
its well as from nlirror polished spet-imens.!

t

c. Testing to define the "knee" of the fatigue curves will produce data
of quc.';tionab|c accuracy. The "knee" is an arbitrary transition minimum
strength curve througit an area of maximum scatter band of points. Also,
the lot'ation of the "knee" is greatly influenced by size, geometry, surface
coudition, rcsidttal stresses, frcqueucy of stress application, etc., that
l,r('clude obt:tining additive data that can bc readily extrapolated. If operation
ts goiug to bc near such areas, full scale testing or use of the endurance limit
for the design is suggested.

d. Fracture toughness criteria as measured by the stress intensity
f.tctor KIC should be referenced to the Fracture Nlechauics Coacepts of SNPO-C-1.

e. Creep data is more useful when related to perecnt rate of creep,
ratht.r than a rate.
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2

C. W. Funk - 2 - Z3 December 1969

a. It i:. prcf.',',d_l,' to h_tw a six'cific st.ttement of tile material
i'",'i rti,.:, whlclt .:rt. to b," (|t'tt'l'll_il|C'd frolT_ a statistical frequency distribu-
lltt, ti tDl |t':;| ._-[tt't'lillt't,V;.

b. Wh,.m.vt.r po_:.ilfic, utilize SNPO-C-I approved ttometx{latur,..
AI..,,, _:\.(_id it,ctm::i::lcttcic:: it, it. tl.%t" 2 _tlt:}i -qS US[l_g k c (strc_s coi,cet_tratio_t
f_ttIt,:') itt,,.l-t-t: !,,..,.,.].]y \v_[}I __|C (_'r;.tt'l.tlvt. [Ut_-_',]lllt':" t,'tti,:,-1 .-lrt-.-,, itxt('_ s:i_
f. tt'l,'")t ":,]lt_£I tv.tttt;v,.'r.%t "_' lt'.(:Ltt_il_g "radial" dircctlotx, aqd sI.ecify
"l)ytt.tttlic Modtfli " at; either t,:nsilc, bcadiug, or torsional.

c. Qualify use of phrases attch as "non-operational phase" when
, it sltotild specify storage, handling or v_cuun'_, ':corrosion" for stress,

frt'tti_:_.,., .t:,tlvat_it-corrosion, etc., attd t°gener_ requirements" should be
Gc't'ol1_l)_xllit.d by a reft.rence note.

6

A prt.liiJ]ioo.ry hautdwritten list with most of the above comments and with the
rt-sl**','tixt" pa[,.c I'ltlllll)(dl'S, aS well as the utxsiglled Test Plan:; with stlggestcd
t't,n'r,'t:lit,t_:i inst.rted, have been forwarded to the Materials Er, gitxeer for his
i'll l It; i ([L" J',tt ioXl.

It i:; r_'qm'::t(,d th.tt a formal r(.sponse to these suggcstions be provided in
Ol-th'r to provide a clear basis for our future reviews.

c'
F. C. Vails

Reliability
Reliability and Safety Analysis Section
Nuclear Rocket Operations

A pl,roved by:

_l. i,_, 8 "7.',.,,:, ,_.

-,,T. II, Ra_sthaler, Manager
Rvliahility and Safety Analysis Section
NRO Syst_:ms Department

CLASSIFICATIONCAT[CA),,RY[
UNCLASSIFIEI) I

' Ci_sStt_,hG,/_fltctR OAT[ ]
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Enclosure (1)

TABLE I

MATERIAL TEST PLANS
u

Material Condition Form

AI 6061 T6 Forging Weldments

I"i-6AL-4V Anne,'ded Sheet Weldments

Vc:: pcl SP- 1 Polyimide Sheet

301 CRES Annealed Plate Weldmeat

A- Z86 Solution Forging Bar -
Treated, Aged

AI 2024 T6 Forging Sheet .

Bearing. aad Friction & Wear Solid
I,ubricittiotl

W.t_;palloy Cold Worked Bar Forging
Aged

I lastelh,y Annealed Sheet

7 ! 8 laconel Aged Forging Bar

Graphite Fibrou_ Graphite Allotropic
Composite

Ti-SAL-Z. 5 Sh Annealed Forging
(ELI)

Udimct 630 Alloy Cold Worked Bar
Aged

AI 7039 T63 Ring Forged
Weldments

18 Ni Maraging Forge
(Solution Treat, Bar
Aged) Weldment
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